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Genes  involved  in  DNA  double-strand  break  repair:  implications  for  breast  cancer 

I.  Introduction 

LA.  Nature  of  the  problem 

Ionizing  radiation  (IR)  causes  DNA  damage  by  inducing  a  number  of  different  lesions, 
including  base  damage  and  single-strand  breaks.  Double-strand  breaks  are  especially  significant, 
since  they  may  lead  to  broken  chromosomes  and  cell  death  if  left  unrepaired,  or  to  chromosome 
aberrations  and  malignant  transformation  if  repaired  improperly. 

The  most  important  environmental  source  of  exposure  to  IR  is  the  decay  of  radium  to  form 
radon  and  then  radon  daughters.  Radium  is  found  in  soil  and  rock  and  gaseous  radon  daughters 
will  accumulate  in  homes,  especially  those  built  on  land  reclaimed  from  mining.  Other  sources  of 
exposure  include  gamma  rays  from  cosmic  and  terrestrial  sources.  Medical  sources  of  exposure 
include  diagnostic  X-rays,  nuclear  medicine  scans,  and  radiation  therapy  for  cancer.  Of  note,  IR  is 
used  in  mammography  screening  for  breast  cancer,  in  radiation  therapy  for  local  treatment  of  newly 
diagnosed  breast  cancers,  and  in  radiation  therapy  of  metastatic  breast  cancer. 

Ionizing  radiation  can  cause  cancers  in  many  tissues,  but  breast  tissue  is  particularly 
sensitive  (Boice  and  Monson,  1976;  Evans,  et  al.,  1986).  Mice  exposed  to  IR  show  a  dose- 
dependent  increase  in  breast  cancer  (Ullrich,  1984).  Humans  exposed  by  the  atomic  bombs 
detonated  over  Hiroshima  and  Nagasaki  had  an  increased  incidence  of  breast  cancer  (Preston,  et 
al.,  1987).  The  risk  was  especially  high  if  exposure  occurred  before  age  10  and  dropped 
significantly  after  age  40.  Women  who  received  radiation  treatments  for  post  partum  mastitis  also 
had  an  increased  risk  of  breast  cancer  (Shore,  et  al.,  1986). 

Inherited  diseases  with  marked  predisposition  to  breast  cancer  include  familial  breast 
cancer,  Li-Fraumeni  syndrome,  and  ataxia  telangiectasia  (AT).  AT  is  an  autosomal  recessive 
disease  of  particular  interest  here,  because  it  linfe  IR  and  breast  cancer  (Swift,  et  al.,  1991).  AT 
homozygotes  are  hypersensitive  IR,  and  AT  heterozygotes  are  reported  to  have  a  5-fold  risk  for 
breast  cancer.  Since  AT  heterozygotes  represent  1%  of  the  general  population,  5%  of  all  breast 
cancers  may  be  caused  by  inherited  mutations  in  the  AT  gene. 

Thus,  IR  is  implicated  in  the  development  of  breast  cancer,  employed  in  breast  cancer 
screening,  and  used  for  breast  cancer  treatment.  A  better  understanding  of  the  causes  and  treatment 
of  breast  cancer  would  be  gained  by  studying  how  cells  repair  damage  from  IR.  However,  until 
recently,  the  genes  involved  in  repairing  the  DNA  double-strand  bre^s  caused  by  IR  had  not  been 
identified.  The  overall  goal  of  this  proposal  was  to  identify  such  genes. 

I.B.  Background  of  previous  work 

We  previously  identified  a  DNA  end-binding  (DEB)  factor  that  bound  specifically  to 
double-stranded  DNA  ends  and  was  deficient  in  three  mutant  cell  lines  that  were  hypersensitive  to 
IR  (Rathmell  and  Chu,  1994a).  All  three  cell  lines  belonged  to  the  same  genetic  complementation 
group  (X-ray  group  5),  suggesting  that  they  were  all  defective  in  the  same  gene  product. 

Cells  from  group  5  as  well  as  those  from  groups  4  and  7  are  sensitive  to  IR  because  of  a 
basic  defect  in  repairing  DNA  double-strand  breaks  (Pergola,  et  al.,  1993;  Taccioli,  et  al.,  1993). 
Interestingly,  these  cells  are  also  defective  in  their  capacity  to  activate  a  process  known  as  V(D)J 
recombination,  which  is  the  mechanism  used  by  the  immune  system  to  generate  a  diverse  array  of 
recognition  molecules  consisting  of  antibodies  produced  by  B  cells  and  receptors  on  the  surface  of 
T  cells. 

Because  cells  from  groups  4,  5,  and  7  are  defective  for  both  repair  of  IR  damage  and  V(D)J 
recombination,  the  same  DNA  rejoining  machinery  appears  to  be  used  for  both  processes.  The 
importance  of  this  machinery  is  exemplified  in  the  scid  mouse,  an  animal  characterized  by  severe 
combined  immunodeficiency,  sensitivity  to  IR,  and  extreme  susceptibility  to  lymphomas  (Bosma 
and  Carroll,  1991). 

By  characterizing  DEB  activity,  we  noted  a  number  of  strong  similarities  to  a  well  studied 
protein,  the  Ku  autoantigen.  Ku  was  originally  identified  as  a  major  antibody  target  in  patients 
with  several  autoimmune  diseases,  including  scleroderma,  polymyositis,  systemic  lupus,  and 
Grave's  disease  (Mimori,  et  al.,  1981).  Ku  is  a  protein  with  two  subunits  of  70  kDa  and  86  kDa 
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(Ku  70  and  Ku86).  The  cDNAs  for  both  subunits  had  been  cloned  previously.  Both  DEB  activity 
and  Ku  bound  to  double-stranded  but  not  single-stranded  DNA  ends.  Both  were  localized  to  the 
nucleus  of  cells  and  moderately  abundant,  with  200,000  to  400,000  molecules  per  cell.  Despite  15 
years  of  investigation,  the  normal  function  of  Ku  in  the  cell  remained  obscure  (Reeves,  1992). 

To  investigate  the  possible  identity  of  DEB  factor  and  Ku,  two  different  human  Ku  antisera 
were  added  to  the  binding  reaction  containing  cell  extract  and  probe  DNA.  Both  antisera  cross- 
reacted  with  DEB  factor  in  an  electrophoretic  mobility  shift  assay  (Rathmell  and  Chu,  1994b).  The 
antisera  also  showed  that  a  polypeptide  with  the  antigenic  determinants  of  Ku70  co-fractionated 
with  DEB  activity  on  a  heparin  agarose  column.  Furthermore,  an  expression  vector  for  hamster 
Ku86  cDNA  fully  restored  both  IR  resistance  and  V(D)J  recombination  to  the  group  5  mutant 
hamster  cells  (Smider,  et  al.,  1994;  Taccioli,  et  al.,  1994).  Finally,  in  collaboration  with  Margaret 
Zdzienicka’s  lab,  we  found  that  two  different  mutant  cell  lines  from  group  5  contained  two 
different  internal  in-frame  deletions  in  the  open  reading  frame  of  Ku86  (Errami,  et  al.,  1996). 
(These  results  were  presented  in  our  annual  report  for  1995.) 


I.C.  Purpose  of  the  present  work 

The  purpose  of  the  work  described  in  the  report  was  to  answer  the  following  questions. 

1 .  What  is  the  role  of  Ku  in  yeast? 

2 .  Is  there  a  cell  line  mutant  for  Ku70? 

3 .  How  is  DNA-PK  assembled  at  DNA  ends  to  facilitate  double-strand  break  repair? 

4 .  Does  DNA-PK  play  a  role  in  the  p53-dependent  signaling  pathway  for  cell  cycle  arrest? 

Our  progress  in  addressing  these  questions  is  described  below. 

II.  Experimental  methods  and  results 
n.A.  What  is  the  role  of  Ku  in  yeast? 

Feldmann  and  Winnacker  identified  and  purified  a  DNA  end-binding  factor  in  the  yeast 
Saccharomyces  cerevisiae  (Feldmann  and  Winnacker,  1993).  The  purified  protein  consisted  of 
two  polypeptides  of  about  70  and  80  kDa,  and  amino  acid  sequences  from  the  70  kDa  subunit 
permitted  the  isolation  of  a  gene  that  proved  to  be  homologous  to  mammalian  Ku70.  We  obtained 
both  the  yeast  gene  (HDF)  and  a  yeast  strain  deleted  for  the  homolog  of  Ku70  (hdf-)  as  a  kind  gift 
from  Dr.  Winnacker.  To  see  if  Ku  in  yeast  might  have  the  same  role  in  double-strand  break  repair 
as  it  has  in  mammalian  cells,  we  tested  the  yeast  hdf-  strain  for  its  sensitivity  to  IR  (Figure  1). 


Fig.  1.  Yeast  hdf-  mutants  have  wild  type  survival  after  IR. 


Yeast  mutant  in  a  homolog  of  mammalian 
Ku70  (hdf-)  lacked  DNA  end-binding  activity. 
They  were  tested  for  survival  after  exposure  to 
different  doses  of  IR.  For  comparison,  the 
mutant  yeast  strain  rescued  with  the  HDF  gene 
(HDF+)  and  a  yeast  strain  mutant  for  rad52  were 
also  tested. 


Unlike  mammalian  Ku  mutants,  the  yeast  Ku  mutant  had  wild  type  survival  after  exposure 
to  IR.  The  reason  for  this  difference  between  yeast  and  mammals  is  that  the  dominant  pathway  for 
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double-strand  break  repair  in  yeast  involves  homologous  recombination,  while  the  dominant 
pathway  in  mammals  involves  non-homologous  end-joining.  Thus,  in  a  control  experiment,  a 
rad52  mutant,  which  is  defective  in  homologous  recombination,  was  hypersensitive  to  IR,  as 
previously  described  (Fig.  1).  Recent  results  by  another  laboratory  suggest  that  yeast  Ku 
nevertheless  plays  a  role  in  joining  free  DNA  ends  (Milne,  et  al.,  1996).  We  are  currently 
collaborating  with  Michael  Fasullo’s  lab  to  study  this  Ku-dependent  end-joining  reaction  further  by 
engineering  an  HO  endonuclease  recognition  site  into  a  chromosomal  locus.  In  the  planned 
experiment,  the  induction  of  HO  endonuclease  would  lead  to  cleavage  of  the  chromosome  carrying 
the  recognition  site.  We  will  then  be  able  to  study  the  end-joining  reaction  in  wild  type  and  Ku 
mutant  yeast  strains. 

The  cellular  response  to  DNA  double-strand  breaks  includes  arrest  of  the  cell  cycle  as  well 
as  repair  of  the  damaged  DNA.  To  determine  whether  yeast  Ku  is  involved  in  cell  cycle  arrest, 
hdf-  mutants  were  compared  to  wild  type  yeast  after  exposure  to  IR  (Fig.  2).  No  difference  was 
seen,  demonstrating  that  Ku  in  yeast  is  not  required  for  cell  cycle  arrest  after  IR. 


Fig.  2.  Yeast  hdf-  mutants  have  wild  type  cell  cycle  arrest  after  IR. 

Wild  type  (HDF-i-)  and  mutant  (hdf-)  yeast  were  spread  on  solid  media  and  either  left 
unexposed  or  exposed  to  8  krad  of  IR.  Microcolonies  were  then  enumerated  at  0, 5,  and  10  hr. 
Yeast  not  exposed  to  IR  continued  to  pass  through  the  cell  cycle,  leading  to  a  change  in  the 
distribution  towards  microcolonies  with  a  greater  number  of  cells.  By  contrast,  yeast  exposed  to 
IR  underwent  cell  cycle  arrest,  so  that  the  microcolonies  accumulated  at  2  cell  stage,  which 
corresponded  to  arrest  of  the  cells  in  the  form  of  a  single-budded  cell.  The  same  degree  of  cell 
cycle  arrest  was  seen  for  both  wild  type  and  mutant  strains. 


s-b  >to 

cells  per  microcolony 


n.B.  Is  there  a  mammalian  cell  line  mutant  for  Ku70? 

We  recently  became  aware  of  a  mutant  Chinese  hamster  ovary  cell  line,  SRD-1, 
characterized  by  Brown  and  Goldstein  for  the  study  of  cholesterol  biosynthesis  (Yang,  et  al., 

1994).  These  cell  lines  fail  to  repress  sterol  synthesis  when  incubated  with  25-hydroxy  cholesterol 
due  to  a  rearrangement  in  the  gene  encoding  SREBP-2,  a  transcription  factor  that  regulates 
cholesterol  homeostasis.  The  rearrangement  proved  to  be  a  chromosomal  translocation  that 
truncates  SREBP-2  by  juxtaposition  to  and  disruption  of  the  Ku70  locus.  The  disruption  of  one  of 
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the  two  Ku  alleles  might  lead  to  a  phenotype,  since  Chinese  hamster  ovary  cells  are  functionally 
hemizygous  in  large  parts  of  their  genome  due  to  methylation  silencing.  Therefore,  to  determine 
whether  this  translocation  led  to  the  loss  of  Ku  binding  activity,  we  obtained  the  SRD-1  cell  line  as 
a  kind  gift  from  Dr.  Goldstein. 

Our  preliminary  results  indicate  that  SRD-1  lacks  Ku  DNA-binding  activity.  In  contrast, 
binding  activity  was  present  in  the  cell  line  SRD-2,  which  involves  the  translocation  of  the 
SREBP-2  gene  to  another,  previously  uncharacterized  gene.  Current  experiments  aim  to  determine 
if  the  SRD-1  cell  line  is  X-ray  sensitive  and  defective  in  V(D)J  recombination  and  if  the  phenotype 
can  be  rescued  by  transfection  of  an  expression  vector  for  Ku70.  This  cell  line  would  then  be  the 
first  known  Ku70  mutant,  providing  a  valuable  reagent  for  further  study  of  Ku70.  The  availability 
of  mutant  cell  lines  for  both  Ku70  and  Ku86  will  permit  mutagenesis  studies  to  determine  the 
regions  in  the  Ku  genes  that  encode  its  cellular  and  biochemical  properties. 

II.C.  How  is  DNA-PK  assembled  at  DNA  ends  to  facilitate  double-strand  break  repair? 

The  work  described  above  identified  four  genes  involved  in  a  common  biochemical 
pathway  for  rejoining  free  DNA  ends  shared  by  DSB  repair  and  V(D)J  recombination.  To  study 
this  pathway  biochemically,  we  have  developed  several  in  vitro  assays  that  can  be  performed  on 
crude  extracts  of  cells. 

We  previously  developed  an  electrophoretic  mobility  shift  assay  (EMSA)  for  measuring  Ku 
binding  to  DNA  ends.  This  assay  was  extremely  sensitive  for  Ku  but  failed  to  reveal  the  assembly 
of  the  fiill  DNA-PK  enzymatic  complex  on  DNA  ends.  We  therefore  developed  a  new  EMSA  that 
would  circumvent  this  problem.  In  the  new  EMSA,  extracts  were  incubated  with  a  short  DNA 
probe  of  only  32  bp.  We  discovered  that  the  short  DNA  probe  was  not  affected  by  nonspecific 
DNA  binding  proteins,  and  so  supercoiled  competitor  DNA  could  be  omitted  from  the  binding 
reaction.  Under  these  conditions,  the  EMSA  detected  a  new  complex  of  very  low  mobility 
corresponding  to  the  assembly  of  a  complex  of  DNA,  Ku,  and  DNA-PKcs. 

Figure  3  shows  data  demonstrating  successful  detection  of  the  DNA-PK  complex. 
Incubation  of  the  short  DNA  probe  with  purified  Ku  produced  only  a  high  mobility  protein-DNA 
complex,  while  incubation  with  purified  DNA-PK  produced  both  high  and  low  mobility 
complexes.  In  addition,  incubation  of  the  probe  with  HeLa  extracts  produced  both  high  and  low 
mobility  complexes,  and  the  addition  of  three  different  monoclonal  antibodies  against  different 
epitopes  of  DNA-PKcs  either  supershifted  or  disrupted  the  low  mobility  complex.  Furthermore, 
antibodies  against  Ku  supershifted  both  high  and  low  mobility  complexes  (V.  Smider  and  G.  Chu, 
unpublished  data).  Finally,  incubation  of  the  probe  with  extracts  from  scid  cells,  which  are  known 
to  be  normal  for  Ku  binding  activity  but  defective  in  DNA-PK  enzymatic  activity,  produced  a 
normal  high  mobility  complex  and  a  grossly  abnormal  spectrum  of  low  mobility  complexes  that 
appeared  as  a  broad  smear  on  the  gel  (V.  Smider  and  G.  Chu,  unpublished  data). 


Fig.  3.  EMSA  for  assembly  of  DNA-PK. 

The  32P-labeled  32  bp  DNA  probe  was  incubated  with  purified 
DNA-PK  (containing  DNA-PKcs  and  both  subunits  of  Ku)  or 
with  purified  Ku  alone  (consisting  of  both  subunits  of  Ku). 

After  10  min.  at  room  temperature,  the  products  were  resolved  by 
electrophoresis  in  nondenaturing  polyacrylamide  gel  and  then 
visualized  by  autoradiography.  The  position  of  the  free  DNA 
probe  is  shown  at  the  bottom  of  the  gel.  Band  I  shows  the 
shifted  mobility  of  the  DNA  probe  due  to  the  formation  of  a 
Ku/DNA  complex.  Band  II  shows  the  shifted  mobility  of  the 
DNA  probe  due  to  the  formation  of  the  higher  order  Ku/DNA- 
PKcs/DNA  complex. 
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The  kinase  activity  of  DNA-PK  was  measured  by  incubating  cell  extracts  with  32P-y- 
labeled  ATP  and  a  peptide  containing  a  sequence  recognized  specifically  by  DNA-PK  but  not  by 
other  cellular  kinases,  EPPLSQEAFADLWKK.  This  peptide  contains  an  SQ  motif  that  is  the 
preferred  site  for  serine  phosphorylation  by  DNA-PK.  After  incubation,  the  mixture  was  passed 
over  a  nitrocellulose  filter,  which  was  then  assayed  for  32P-phosphorylated  peptide  in  a 
scintillation  counter.  The  signature  of  DNA-PK  enzymatic  activity  was  phosphorylation  of  the 
peptide  that  depended  on  the  addition  of  DNA  ends.  In  adapting  this  assay  for  our  laboratory,  we 
discovered  that  precipitation  of  very  high  molecular  weight  complexes  with  polyethylene  glycol 
improved  the  sensitivity  of  the  DNA-PK  enzymatic  assay. 

These  assays  enable  us  to  measure  both  the  assembly  and  enzymatic  activity  of  DNA-PK 
due  to  its  interaction  with  DNA  ends.  We  are  now  using  these  assays  to  better  understand  how  Ku 
and  DNA-PK  interact  with  DNA  to  facilitate  the  DNA  end-joining  reaction.  We  are  also  using 
these  assays  to  determine  whether  DNA-PK  is  defective  in  breast  cancer  patients  who  have 
suffered  adverse  reactions  to  radiation  therapy. 


n.D.  Does  DNA-PK  plav  a  role  in  the  p53-dependent  signaling  pathway  for  cell  cycle  arrest? 

In  response  to  DNA  damage,  cells  transduce  a  signal  that  leads  to  accumulation  of  p53, 
induction  of  several  genes,  including  p21,  gadd45,  and  gaddl53,  and  cell  cycle  arrest.  One 
hypothesis  is  that  the  signal  is  mediated  by  DNA  dependent  protein  kinase  (DNA-PK),  which 
consists  of  a  catalytic  subunit  (DNA-PKcs)  and  a  regulatory  subunit  (Ku).  DNA-PK  has  several 
characteristics  that  support  this  hypothesis:  Ku  binds  to  DNA  damaged  by  nicks  or  double-strand 
breaks,  DNA-PKcs  is  activated  when  Ku  binds  to  DNA,  DNA-PK  will  phosphorylate  p53  and 
other  cell  cycle  regulatory  proteins  in  vitro,  and  DNA-PKcs  shares  homology  with  ATM,  which  is 
mutated  in  ataxia  telangiectasia  and  involved  in  signaling  the  p53  response  to  IR. 

The  hypothesis  was  tested  by  analyzing  early  passage  fibroblasts  from  scid  mice,  which  are 
deficient  in  DNA-PK  (Rathmell,  et  al.,  1996).  Scid  and  wild  type  cells  exposed  to  IR  and 
ultraviolet  radiation  showed  the  same  accumulation  of  p53.  To  fully  explore  any  possible 
abnormality  in  scid  cells,  the  p53  response  was  measured  at  different  times  and  for  different  doses 
of  radiation.  Representative  data  for  IR  are  shown  in  Figure  4. 


Fig.  4.  p53  induction  after  IR  in  scid  and  wild  type  cells 
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The  induction  of  p21,  gadd45,  and  gaddl53  also  occurred  normally  in  scid  cells  after 
exposure  to  ultraviolet  radiation,  IR,  or  methyl  methanesulfonate.  Finally,  in  collaboration  with 
the  lab  of  Dr.  William  Kaufmann,  we  found  that  both  G1  and  G2  cell  cycle  arrest  occurred 
normally  after  scid  cells  were  exposed  to  IR  (Tables  1  and  2). 
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Table  1.  Gi  checkpoint  after  ionizing  radiation  in  scid  and  wild  type  cells 

The  cells  were  analyzed  for  Gi  arrest  6-8  h  after  exposure  to  8  Gy  of  IR.  The  table  shows 
the  relative  numbers  of  diploid  cells  in  the  first  (2-3N)  and  second  (3-4N)  halves  of  S  phase  and 
depletion  of  the  cells  in  the  first  half  of  S  phase  (Gi  arrest).  The  data  for  2-3N  and  3-4N  are  given 
as  a  percent  of  mock-treated  control  cells.  Cells  analyzed  were  wild  type  Balb/c  and  agouti  mouse 
cells,  scid  mouse  cells,  and  normal  human  fibroblasts.  The  numbers  of  independent  experiments 


are  shown  in  parentheses 

wmmmmmmmimmmmmmtmifiiimmm 


Cells 

2-3N 

3-4N 

Gi  arrest 

Balb/c  (n=2) 

33% 

112% 

67% 

agouti  (n=2) 

43% 

106% 

57% 

scid  (n=3) 

31% 

98% 

69% 

human  (n=l) 

4% 

152% 

96% 

Table  2.  G2  checkpoint  after  ionizing  radiation  in  scid  and  wild  type 

The  cells  were  analyzed  for  G2  arrest  after  exposure  to  2  and  4  Gy 
the  fraction  of  cells  in  mitosis  as  a  percentage  of  mock-treated  control  cells 
numbers  of  independent  experiments  are  shown  in  parentheses. 

Cells  2  Gy  4  Gy 

Balb/c  22%  (n=2)  0%  (n=l) 

agouti  14%  (n=l)  0%  (n=l) 

scid  14%  (n=5j  1%  (n=4) 


cells 

of  IR.  The  table  shows 
2  h  after  exposure.  The 


In  summary,  after  exposure  to  ionizing  radiation,  ultraviolet  radiation,  and  methyl 
methanesulfonate,  scid  and  wild  type  cells  were  indistinguishable  in  their  response.  The 
accumulation  of  p53,  induction  of  p21,  gadd45,  and  gaddl53,  and  arrest  of  the  cell  cycle  in  Gi 
and  G2  occurred  normally.  Therefore,  DNA-PK  is  not  required  for  accumulation  of  p53  or  cell 
cycle  arrest  following  DNA  damage. 

III.  Conclusions 

Several  major  conclusions  arise  from  our  studies. 

1.  Ku  is  essential  for  both  DNA  double-strand  break  repair  and  VCDIJ  recombination. 

The  identification  of  Ku  as  a  component  in  these  pathways  will  stimulate  progress  in 
understanding  the  biochemistry  of  these  important  processes,  since  a  great  deal  was  already 
known  about  the  biochemistry  of  Ku  and  its  associated  DNA-dependent  protein  kinase.  As 
described  in  the  introduction,  better  understanding  of  the  causes  and  treatment  of  breast  cancer 
will  be  gained  by  elucidation  of  how  cells  repair  damage  from  IR. 

2.  DNA  double-strand  break  repair  and  V(T))J  recombination  share  a  common  biochemical 
pathway  for  joining  free  DNA  ends. 

Because  of  the  shared  biochemical  pathway,  insights  gained  for  one  process  will  be 
relevant  for  the  other.  Furthermore,  this  discovery  suggests  that  evolution  of  the  V(D)J 
recombination  pathway  involved  the  hijacking  of  a  pre-existing  DNA  repair  pathway  for  a  new 
role  in  the  immune  system. 

3.  The  Ku86  gene  is  mutated  in  cells  from  X-ray  complementation  group  5. 

The  discovery  that  the  primary  genetic  defect  in  these  cells  is  in  the  Ku86  gene  means  that 
these  cells  will  be  an  invaluable  reagent  for  further  studies  on  the  cellular  roles  of  Ku. 
Hypotheses  for  additional  roles  of  Ku  can  and  have  been  tested  in  these  cells.  Furthermore, 
transfection  of  the  cells  with  mutated  versions  of  the  Ku  genes  will  allow  us  to  dissect  the 
regions  of  Ku  required  for  its  different  roles  in  repair  and  recombination. 

4.  DNA-PK  is  not  required  for  p53  induction  or  cell  cycle  arrest  after  DNA  damage. 

These  findings  restrict  the  possible  role  of  DNA-PK  as  the  long  sought  signaling  molecule 
for  transducing  a  signal  from  damaged  DNA  to  p53.  Therefore  the  search  for  this  signaling 
molecule  must  be  redirected  towards  other  candidates. 
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X-ray-sensitive  hamster  cells  in  complementation  groups  4,  5,  6,  and  7  are  impaired  for  both  double-strand 
break  repair  and  V(D)J  recombination.  Here  we  show  that  in  two  mutant  cell  lines  (XR-V15B  and  XR-V9B) 
from  group  5,  the  genetic  defects  are  in  the  gene  encoding  the  86-kDa  subunit  of  the  Ku  autoantigen,  a  nuclear 
protein  that  binds  to  double-stranded  DNA  ends.  These  mutants  express  Ku86  mRNA  containing  deletions  of 
138  and  252  bp,  respectively,  and  the  encoded  proteins  contain  internal,  in-frame  deletions  of  46  and  84  amino 
acids.  Two  X-ray-resistant  revertants  of  XR-V15B  expressed  two  Ku86  transcripts,  one  with  and  one  without 
the  deletion,  suggesting  that  reversion  occurred  by  activation  of  a  silent  wild-type  allele.  Transfection  of  full- 
length  cDNA  encoding  hamster  Ku86  into  XR-V15B  cells  resulted  in  a  complete  rescue  of  DNA-end-binding 
(DEB)  activity  and  Ku70  levels,  suggesting  that  Ku86  stabilizes  the  Ku70  polypeptide.  In  addition,  cells 
expressing  wild-type  levels  of  DEB  activity  were  fully  rescued  for  X-ray  resistance  and  V(D)J  recombination, 
whereas  cells  expressing  lower  levels  of  DEB  activity  were  only  partially  rescued.  Thus,  Ku  is  an  essential 
component  of  the  pathway(s)  utilized  for  the  resolution  of  DNA  double-strand  breaks  induced  by  either  X  rays 
or  V(D)J  recombination,  and  mutations  in  the  Ku86  gene  are  responsible  for  the  phenotype  of  group  5  cells. 


All  cells  possess  a  mechanism  for  repairing  DNA  double¬ 
strand  breaks  (DSBs)  produced  by  ionizing  radiation.  Cells  of 
the  immune  system  must  also  resolve  DNA  DSBs  produced  by 
V(D)J  recombination  of  the  immunoglobulin  and  T-cell  recep¬ 
tor  genes  during  development  of  B  and  T  cells  (reviewed  in 
reference  28).  In  fact,  the  biochemical  pathways  for  DSB  re¬ 
pair  and  V(D)J  recombination  have  a  number  of  common 
factors.  Evidence  of  this  was  first  described  for  the  severe 
combined  immune  deficient  {scid)  mouse,  which  is  hypersen¬ 
sitive  to  ionizing  radiation  because  of  defective  DSB  repair  (1, 
12,  18)  and  immune  deficient  because  of  defective  V(D)J  re¬ 
combination  (29).  Subsequently,  other  X-ray-sensitive  rodent 
cell  lines  defective  in  DSB  repair  were  also  found  to  have 
impaired  V(D)J  recombination  (17,  27,  34,  45,  47).  These  cell 
lines  fall  into  four  complementation  groups,  4,  5,  6,  and  7,  with 
group  7  corresponding  to  the  scid  defect  (43,  52).  The  human 
genes  capable  of  rescuing  these  mutants  are  designated 
XRCC4,  XRCC5,  XRCC6,  and  XRCC7,  respectively  {XRCC 
denotes  X  ray  cross-complementing)  (for  a  review,  see  refer¬ 
ence  51). 

Recently,  it  has  been  shown  that  the  Ku  protein  is  involved 
in  both  DSB  repair  and  V(D)J  recombination.  Ku  is  an  abun¬ 
dant  nuclear  protein  identified  originally  as  an  autoantigen 
recognized  by  sera  from  patients  with  autoimmune  diseases, 
including  scleroderma-polymyositis  overlap  syndrome  and  sys- 
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temic  lupus  erythematosus  (31).  Ku  is  a  heterodimer  of  two 
tightly  associated  polypeptides  of  70  and  86  kDa  (Ku70  and 
Ku86,  respectively)  encoded  by  genes  which  have  been  mapped 
in  humans  to  chromosomes  22ql3  and  2q33-35,  respectively  (4, 
32,  38).  Biochemically,  it  has  been  shown  that  Ku  binds  to 
double-stranded  DNA  ends,  nicks,  gaps,  and  DNA  hairpins 
(30).  It  also  forms  a  complex  with  a  catalytic  subunit  of  450 
kDa  to  form  the  DNA-dependent  protein  kinase.  In  vitro,  the 
DNA-dependent  protein  kinase  phosphorylates  several  pro¬ 
teins,  such,  as  RNA  polymerase  II,  Spl,  p53,  c-Fos,  c-Jun, 
c-Myc,  and  Ku  itself  (20).  The  gene  encoding  the  catalytic 
subunit  (14)  maps  to  human  chromosome  8qll  (19,  24-26)  and 
has  recently  been  shown  to  rescue  the  scid  defect  (2,  23,  35). 

There  is  indirect  evidence  that  mutation  of  the  Ku86  gene 
might  be  the  primary  defect  in  complementation  group  5  mu¬ 
tants.  The  XRCC5  gene  has  been  mapped  to  2q35,  the  same 
region  as  that  of  the  Ku86  gene  (6,  16,  21).  In  addition,  group 
5  cells  lack  a  DNA-end-binding  (DEB)  activity  with  an  abun¬ 
dance,  nuclear  localization,  DNA  substrate  specificities,  and 
antigenic  determinants  similar  to  those  of  Ku  (13,  36,  37). 
Transfection  of  the  human  Ku86  cDNA  into  group  5  cells 
partially  restores  DEB  activity.  X-ray  resistance,  and  V(D)J 
recombination  activity  in  different  mutants  belonging  to  this 
group  (3,  42,  44). 

Nevertheless,  direct  evidence  defining  the  primary  defect  in 
mutants  of  group  5  was  still  lacking.  First,  human  Ku86  cDNA 
did  not  completely  rescue  group  5  mutants.  Second,  chromo¬ 
some  mapping  experiments  sampled  only  a  fraction  of  the 
human  genome  (6,  21)  and  therefore  failed  to  rule  out  the 
possibility  that  complementing  activity  was  present  on  another 
chromosome  in  addition  to  chromosome  2.  Therefore,  we  in- 
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traduced  a  wild-type  hamster  cDNA  into  group  5  mutant  cells 
and  demonstrated  that  this  could  completely  restore  DEB  ac¬ 
tivity,  Ku70  protein  levels,  X-ray  resistance,  and  V(D)J  recom¬ 
bination.  Furthermore,  we  isolated  cDNAs  encoding  Ku86 
from  two  independently  derived  group  5  mutants  and  demon¬ 
strated  that  these  cDNAs  are  mutated.  These  results  unequiv¬ 
ocally  demonstrate  that  mutation  of  Ku86  is  directly  responsi¬ 
ble  for  the  defects  exhibited  by  XRCC5  cells  and  confirm  the 
idea  that  Ku86  is  a  critical  component  of  the  mammalian  DNA 
DSB  repair  pathway. 

MATERIALS  AND  METHODS 

Cell  culture.  XR-V15B  and  XR-V9B  mutant  cell  lines  derived  from  Chinese 
hamster  V79  and  V79B  cells,  respectively,  have  been  described  previously  (53, 
54).  All  cell  lines  were  cultured  in  Ham’s  F*10  medium  (without  hypoxanthine 
and  thymidine)  supplemented  with  15%  newborn  calf  serum  or  in  Dulbecco’s 
modified  Eagle’s  medium  supplemented  with  10%  fetal  calf  serum  and  1% 
L-glutamine.  Culture  media  also  included  penicillin  (100  U/ml)  and  streptomycin 
(0.1  mg/ml).  Cells  were  maintained  at  37°C  in  a  5%  CO2  atmosphere,  humidified 
to  95  to  100%. 

To  isolate  X-ray-resistant  revertants,  XR-V15B  and  a  thioguanine-  and 
ouabain-resistant  derivative  (XR-V15BTOR)  cell  line  were  seeded  (at  10^  cells 
per  10-cm-diameter  plate)  and  exposed  to  an  X-ray  dose  of  2  Gy  for  three 
consecutive  days.  Clones  of  cells  surviving  this  selection  were  isolated  and  ex¬ 
amined  for  X-ray  survival.  Two  revertants  (XR-V15B-Revl  and  XR-V15B- 
Rev2)  from  XR-V15B  and  one  revertant  (XR'V15B-Rev3)  from  XR-VI5BTOR 
showed  wild-type  X-ray  survival. 

DNA  transfection.  Syrian  hamster  Ku86  cDNA  inserted  into  the  pSP65-SRa 
vector  under  the  control  of  the  SRa  promoter  (46)  or  the  same  vector  lacking 
this  insert  (10  pig)  was  cotransfected  with  pRSVneo  (2  pg)  and  carrier  DNA 
consisting  of  pUC19  (8  fxg)  by  coprecipitation  with  calcium  phosphate  in  0.8  ml 
onto  a  10-cm-diameter  plate  containing  10^  cells  (15).  After  48  h,  cells  were 
passaged  and  then  selected  for  14  days  in  medium  containing  G418  (Gibco, 
Gaithersburg.  Md.)  at  400  fig/ml.  Colonies  stably  resistant  to  G418  were  isolated 
and  characterized  as  described  below. 

Electrophoretic  mobility  shift  assay.  Nuclear  extracts  were  prepared  by  the 
Nonidet  P-40  lysis  method  previously  described  (36).  Extract  (0.6  pg)  was  incu¬ 
bated  with  radiolabeled  fl48  probe  in  the  presence  of  closed  circular  plasmid 
DNA  to  mask  the  effect  of  nonspecific  DNA-binding  proteins.  Protein-DNA 
complexes  were  resolved  on  a  nondenaturing  5%  polyacrylamide  gel. 

Immunoblottlng.  Nuclear  extracts  were  resolved  by  sodium  dodecyl  sulfate- 
polyacrylamide  gel  electrophoresis,  transferred  to  a  nitrocellulose  membrane 
(GSWP;  Millipore,  Bedford,  Mass.),  and  probed  with  human  OM  antiserum  (a 
kind  gift  from  John  Hardin,  1:2,000  dilution)  followed  by  horseradish  peroxidase- 
conjugated  goat  antibody  to  human  immunoglobulin  G  (TAGO,  Burlingame, 
Calif.).  Antibody  binding  was  detected  by  enhanced  chemiluminescence  (Amer- 
sham.  Arlington  Heights,  Ill.). 

X-ray  sunival.  G418-resistant  clones  were  plated  in  triplicate  and  X-irradiated 
at  doses  ranging  from  0  to  6  Gy.  After  14  days,  surviving  colonies  were  stained 
with  10%  Giemsa  stain  and  counted.  Each  survival  curve  represents  the  average 
of  two  independent  experiments. 

V(D)J  recombination.  G418-resistant  clones  were  removed  from  G418  on  the 
day  prior  to  beginning  the  assay.  Expression  plasmids  for  RAG-1  and  RAG-2  (8 
pg  each)  were  transiently  transfected  with  either  pJH290  (4  pg)  to  test  for  coding 
joint  formation  or  pJH200  (4  pg)  to  test  for  signal  joint  formation.  DNA  was 
transfected  by  coprecipitation  with  calcium  phosphate.  After  48  h,  DNA  was 
harv'ested.  digested  with  Dpnl  to  eliminate  unreplicated  plasmids,  and  electro¬ 
porated  into  Escherichia  coli.  Unrearranged  plasmids  conferred  resistance  to 
ampicillin  (Amp’’),  whereas  rearranged  plasmids  conferred  resistance  to  both 
ampicillin  and  chloramphenicol  (Amp*"  Cam’’).  Recombination  frequency  is  ex¬ 
pressed  as  the  ratio  of  doubly  drug-resistant  colonies  to  the  number  of  ampicillin- 
resistant  colonies.  Valid  V(D)J  recombination  events  were  confirmed  by  digest¬ 
ing  plasmids  recovered  from  E.  coli  with  ApaLl  (which  cleaves  at  the  signal  joint) 
or  A  hII  (which  releases  a  fragment  spanning  a  correctly  formed  coding  joint) 
(34). 

RT-PCR  analysis  of  hamster  Ku86  mRNAs  from  wild-type  and  mutant  cells. 

Total  RNA  was  isolated  by  the  guanidium  isothiocyanate  method  previously 
described  (7).  First-strand  Ku86  cDNA  synthesis  was  performed  as  follows:  total 
RNA  (1  pg)  was  added  to  a  reverse  transcription  (RT)  solution  consisting  of  10 
mM  Tris-HCl  (pH  8.3),  50  mM  KCl,  5  mM  MgCU,  1  mM  (each)  deoxynucleoside 
triphosphates.  2.5  pM  oIigo(dT)]5  primer,  20  U  of  RNasin,  and  50  U  of  murine 
leukemia  virus  reverse  transcriptase  (Geneamp  RNA  PCR  kit).  The  reaction 
mixture  (final  volume,  20  pi)  was  incubated  for  30  min  at  42°C,  heated  to  95®C 
for  5  min.  and  then  chilled  on  ice.  The  newly  generated  RNA-cDNA  hybrids 
were  amplified  by  PCR  with  Ku86-specific  primers  Ku-5  and  Ku-3b.  resulting  in 
a  2.3-kb  product.  PCR  was  performed  with  cycles  consisting  of  denaturation  for 
30  s  at  94®C,  primer  annealing  at  55°C  for  30  s,  and  extension  at  72^  for  2  min 
(DNA  thermal  cycler;  Perkin-Elmer  Cetus,  Norwalk,  Conn.). 
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FIG.  1.  Expression  of  Ku  in  wild-type  V79  and  mutant  XR-V15B  hampster 
cells  transfected  with  Ku86.  (Top)  DEB  activity.  The  levels  of  DEB  activity  in 
one  clone  isolated  from  the  wild-type  hamster  cell  line  V79  transformed  with 
vector  alone  (V79-vector;  lane  2),  one  clone  isolated  from  the  transfection  of 
XR-V15B  with  vector  alone  (XR-V15B-vector;  lane  3),  and  four  clones  of  mu¬ 
tant  XR-V15B  cells  transfected  with  ham.sler  Ku86  (XR-V15B-p86.1,  XR-V15B- 
p86.2,  XR-V15B-p86.3.  and  XR-V15B-p86.4:  lanes  4  to  7)  are  shown.  Clones  are 
numbered  in  order  of  decreasing  DEB  activity.  F,  positions  of  free  DNA  probe; 
Bl  and  B2,  positions  of  protein-DNA  complexes  consisting  of  DEB  activity  and 
the  DNA  probe.  (Bottom)  Immunoblot  for  expression  of  Ku70.  The  immunoblot 
was  probed  with  OM  antiserum,  which  reacts  strongly  with  both  Ku86  and  Ku70 
in  human  cells  and  less  strongly  with  Ku70  in  hamster  cells.  The  expression  of 
Ku70  in  the  hamster  cell  lines  used  for  the  upper  panel  is  shown.  Lane  1  is  a 
control  with  HeLa  extract  to  show  the  mobilities  of  human  Ku70  and  Ku86  (p70 
and  p86,  respectively). 


DNA  sequence  analysis.  Primer  Ku-3b  was  biotinylated,  and  after  PCR,  the 
amplified  2.3-kb  cDNA  was  gel  purified  (Qiaex;  Qiagen,  Chatsworth,  Calif,). 
Magnetic  M-280  Dynabeads  (Dynal  AS,  Oslo,  Norway)  were  used  to  prepare 
single-stranded,  immobilized  templates.  The  DNA  sequence  was  obtained  by 
using  a  T7  sequence  kit  (Pharmacia  Biotech,  Uppsala,  Sweden)  with  [a-^^P] 
dATP.  Samples  were  resolved  on  a  6%  polyacrylamide  gel  at  40  W.  Gels  were 
exposed  to  X-ray  film.  Sequence  analysis  was  also  performed  after  cloning  the 
PCR  products  in  a  TA  cloning  vector  (Promega,  Madison,  Wis.).  The  primer 
sequences  were  as  follows:  Ku-2,  5'-GGAGGAGGCCATCCAGTT-3';  Ku-3b, 
5'-ATGGCTTCCAGGATGCTCTTTC-3';  Ku-4,  5'-TGATGCTACCAGATTT 
TG-3':  Ku-5,  5'-AAGTAACCAAACCGCCCGTG-3':  Ku-6,  5'-ATTGTAGC- 
CrATAAATCG-3';  Ku-7,  5’-CCGTAGCGGAACCCTTGAAT-3’;  Ku-8,  5'-A 
GAGCTAATCCTCAAGTTGG-3';  Ku-8b,  5'-GGTTGAACTCCTAATCGAG 
A-3';  Ku-9.  5'-ACTCCATCCTGAACAACAAT-3’;  Ku-10,  5'-A1TCAGCAG 
CACATnTG-3’;  Ku-12,  5'-CAAAATGTGCTGCTGAAT-3';  and  Ku-13,  5'-C 
TTrGCAGCAAAAGATGAT-3'. 

Nucleotide  sequence  accession  numbers.  The  Chinese  hamster  Ku86  sequence 
has  been  deposited  in  the  GenBank  database  under  accession  number  L48606. 
The  GenBank  and  EMBL  accession  numbers  for  the  Syrian  hamster,  mouse,  and 
human  Ku86  nucleotide  sequences  are  U40570,  X66323,  and  M30938,  respec¬ 
tively. 


RESULTS 

Restoration  of  DEB  activity.  A  hamster  cDNA  encoding 
Ku86  had  been  cloned  previously  from  a  Syrian  hamster  liver 
library  (17).  Therefore,  XR-V15B  mutant  cells  were  trans¬ 
fected  either  with  expression  vectors  containing  the  Syrian 
hamster  Ku86  or  with  a  vector  lacking  this  insert.  As  a  control, 
the  parental,  wild-type  V79  cell  line  was  also  transfected  with 
a  vector  lacking  this  insert.  Stable  G418-resistant  clones  were 
isolated  and  analyzed  for  DEB  activity.  Of  12  clones  selected  in 
0418  from  XR-V15B  cells  transfected  with  Ku86,  5  expressed 
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FIG.  2.  X-ray  survival  of  XR-V15B  cells  transfected  with  hamster  Ku86 
cDNA.  Clones  are  labeled  as  in  Fig.  1.  Single  cells  were  plated  at  low  density  and 
X-irradiated  at  various  doses,  and  then  the  percentages  of  cells  surviving  to  form 
colonies  at  14  days  postirradiation  were  determined.  Data  are  the  averages  of 
two  experiments,  each  performed  in  triplicate.  Vertical  bars  show  standard 
deviations. 


detectable  DEB  activities.  Four  of  these  clones  were  chosen 
for  further  analysis  because  they  showed  a  range  of  DEB 
activities,  from  below  to  above  wild-type  levels  (Fig.  1).  The 
clones  were  designated  according  to  their  levels  of  DEB  activ¬ 
ity  from  highest  to  lowest,  XR-V15B-p86.1,  XR-V15B-p86.2, 
XR-V15B-p86.3,  and  XR-V15B-p86.4.  Of  the  nine  clones  iso¬ 
lated  from  XR-V15B  cells  transfected  with  vector  alone,  none 
showed  DEB  activity.  Thus,  the  probability  of  finding  sponta¬ 
neous  revertants  among  transfected  XR-V15B  cells  was  too 
low  to  account  for  the  five  clones  with  detectable  DEB  activ¬ 
ities. 

Restoration  of  Ku70  protein  level.  It  was  previously  shown 
that  group  5  cells  lack  Ku70  protein,  even  though  the  group  5 
defect  did  not  map  to  the  same  chromosome  as  that  of  the 
KiiVO  gene  (37,  42).  Therefore,  we  investigated  the  status  of 
Ku70  expression  in  stably  transfected  clones.  Complete  resto¬ 
ration  of  Ku70  protein  to  wild-type  levels  was  observed  by 
immunoblot  with  Ku  antiserum  in  the  clone  expressing  the 
highest  level  of  DEB  activity  (XR-V15B-p86.1)  (Fig.  1). 
Smaller  increases  in  Ku70  protein  levels  were  seen  for  clones 
which  expressed  lower  levels  of  DEB  activity  (XR-V15B-p86.2, 
XR-V15B-p86.3,  and  XR-V15B-p86.4).  Very  little,  if  any,  de¬ 
tectable  Ku70  protein  was  detected  in  a  cloned  line  transfected 
with  vector  alone  (XR-V15B-vector).  Thus,  the  introduction  of 
Ku86  cDNA  to  XR-V15B  cells  restored  Ku70  accumulation. 

Complementation  of  X-ray  sensitivity.  Previous  studies  de¬ 
monstrated  that  the  introduction  of  human  Ku86  cDNA  into 
the  hamster  XR-V15B  cell  line  partially  complemented  its 
X-ray  sensitivity  (42).  To  test  if  complete  complementation 
could  be  obtained  with  hamster  cDNA,  we  tested  our  trans¬ 
fected  clones  for  X-ray  resistance.  Complete  restoration  of  X- 
ray  resistance  was  attained  in  clone  XR-V15B-p86.1,  which  ex¬ 
pressed  the  highest  level  of  DEB  activity  (Fig.  2).  Only  partial, 
albeit  significant,  restoration  of  X-ray  resistance  was  seen  in 
clones  expressing  lower  levels  of  DEB  activity  (Fig.  2).  Thus, 
hamster  Ku86  cDNA  can  fully  complement  the  X-ray  sensitiv¬ 


ity  of  group  5  cells;  this  is  dependent  on  the  level  of  DEB 
activity. 

Complementation  of  V(D)J  recombination.  Group  5  cells 
are  defective  in  forming  coding  and  signal  joints  during  V(D)J 
recombination  (34,  45).  Therefore,  we  tested  our  transfected 
clones  for  profieiency  in  V(D)J  recombination  by  measuring 
both  signal  and  coding  joint  formation  in  an  extrachromosomal 
assay  (42).  V(D)J  recombination  was  measured  for  both  signal 
and  coding  joint  formation,  and  valid  recombination  events 
were  confirmed  by  restriction  analysis.  Clones  expressing  the 
highest  levels  of  DEB  activity  also  had  the  highest  levels  of 
V(D)J  recombination  activity  (Fig.  3).  Within  the  expected 
uncertainty  of  this  assay,  clone  XR-Vi5B-p86.1  showed  wild- 
type  or  nearly  wild-type  levels  of  V(D)J  recombination.  Inter¬ 
estingly,  in  each  of  the  partially  rescued  clones,  the  relative 
restoration  of  coding  joint  formation  was  less  efficient  than  that 
of  signal  joint  formation.  This  suggests  that  full  Ku  expression 
is  more  important  for  coding  joint  formation.  In  summary,  the 
introduction  of  hamster  Ku86  cDNA  into  XR-V15B  cells  re¬ 
stored  DEB  activity,  Ku70  expression.  X-ray  sensitivity,  and 
V(D)J  recombination.  The  level  of  restoration  in  each  case 
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FIG.  3.  V(D)J  recombination  activity  of  XR-V15B  cells  transfected  with 
hamster  Ku86  cDNA.  Clones  are  labeled  as  in  Fig.  1.  Cel!  lines  were  transfected 
with  the  RAG-1  and  RAG-2  genes  along  with  a  substrate  plasmid  (see  Materials 
and  Methods).  The  V{D)J  recombination  frequency  (RF)  was  measured  for  both 
signal  and  coding  joints  as  the  number  of  doubly  resistant  (Amp'’  Cam'')  colonies 
divided  by  the  number  of  Amp'^  colonies.  Vertical  bars  show  standard  deviations. 
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FIG.  4.  Hamster  Ku86  cDNA  and  PCR  primers.  The  positions  of  the  primers 
used  for  sequencing  and  RT-PCR  are  indicated  by  arrows.  Black  boxes  corre¬ 
spond  to  regions  deleted  in  the  Ku86  cDNAs  of  mutants  XR-V9B  and  XR-V15B. 


correlated  with  the  level  of  DEB  activity  observed,  suggesting 
that  Ku  was  limiting  in  abundance  for  all  these  processes. 

Nucleotide  sequence  of  the  Chinese  hamster  Ku86  cDNA. 
To  study  the  molecular  nature  of  the  defects  in  XR-V15B  and 


XR-V9B,  another  X-ray-sensitive  Chinese  hamster  mutant  be¬ 
longing  to  complementation  group  5  (53,  54),  the  cDNA  of 
Ku86  from  parental  cell  line  V79B  was  sequenced.  Total  V79B 
RNA  was  used  to  synthesize  oligo(dT)-primed  cDNA  by  mu¬ 
rine  leukemia  virus  reverse  transcriptase.  Subsequently,  this 
cDNA  was  amplified  by  PCR  with  Ku86-specific  primers  Ku-5 
and  Ku-3b,  which  were  based  on  the  sequence  of  Syrian  ham¬ 
ster  Ku86  cDNA  (Fig.  4).  By  using  a  series  of  primer  walking 
steps,  the  resulting  2.3-kb  PCR  fragment  containing  the  entire 
open  reading  frame  of  Ku86  was  sequenced. 

The  nucleotide  and  predicted  amino  acid  sequences  of  the 
Chinese  hamster  cDNA  of  Ku86  are  presented  in  Fig.  5.  The 
Chinese  hamster  Ku86  cDNA  sequence  is  95.5,  87.4,  and 
80.3%  identical  to  the  Syrian  hamster  (17),  mouse  (10),  and 
human  (32,  50)  homologs,  respectively  (Fig.  6). 

Sequence  analysis  of  Ku86  cDNAs  from  XR-V15B  and  XR- 
V9B  mutants.  To  determine  whether  the  Ku86  cDNAs  in  the 
X-ray-sensitive  mutants  XR-V15B  and  XR-V9B  were  abnor¬ 
mal,  PCR-ampIified  Ku86  cDNA  was  sequenced  as  described 
in  Materials  and  Methods.  Comparison  of  these  sequences 
with  the  wild-type  Ku86  sequence  revealed  a  deletion  of  138  bp 
from  nucleotides  -1-1114  through  -fl251  in  the  XR-V15B 
cDNA  and  a  deletion  of  252  bp  from  4-799  through  4-1050  in 
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FIG.  5.  Nucleic  acid  and  predicted  amino  acid  sequences  of  Chinese  hamster  Ku86  cDNA.  The  deleted  nucleotides  in  XR-V9B  and  XR-V15B  are  underlined. 
Lowercase  letters,  untranslated  nucleotides;  asterisk,  stop  codon. 
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FIG.  7.  RT-PCR  of  XR-V15B,  XR-V15B  revertants,  and  V79B  with  primers 
Ku-12  and  Ku-13  (left)  and  of  V79B  and  XR-V9B  with  primers  Ku-5  and  Ku-8h. 
The  positions  of  molecular  size  markers  (in  base  pairs)  are  shown  on  the  left  of 
each  panel. 


bp,  instead  of  the  wild-type  fragment  of  448  bp  (Fig.  7).  Sim¬ 
ilarly,  XR-V9B  contains  a  PCR  fragment  consistent  with 
a  length  of  994  bp,  instead  of  the  wild-type  1,246-bp  frag¬ 
ment  (Fig.  7).  Thus,  we  observed  PCR  products  shorter  than 
the  wild-type  product,  confirming  the  deletions  in  the  Ku86 
cDNAs  in  both  mutants. 

RT-PCR  analysis  of  X-ray-resistant  revertants  of  XR-V15B. 
To  examine  the  mechanism  responsible  for  the  reversion  of  the 
X-ray  sensitivity  in  XR-V15B,  we  analyzed  three  X-ray-in¬ 
duced  X-ray-resistant  revertant  cell  clones,  XR-V15B-Revl, 
XR-V15B-Rev2,  and  XR-V15B-Rev3  (see  Materials  and  Meth¬ 
ods).  All  three  revertants  showed  wild-type  levels  of  X-ray 
resistance  (data  not  shown),  suggesting  that  Ku86  function  was 
completely  restored  in  each  case.  To  determine  the  status  of 
the  deleted  cDNA  in  these  revertants,  RT-PCR  was  performed 
with  primers  Ku-12  and  Ku-13.  Revertants  XR-V15B-Revl 
and  XR-V15B-Rev2  showed  a  normal,  wild-type  fragment  of 
448  bp,  as  well  as  a  smaller  fragment  of  310  bp  (Fig.  7).  Thus, 
we  concluded  that  the  XR-V15B-Revl  and  XR-V15B-Rev2 
cell  lines  expressed  one  mutant  and  one  wild-type  copy  of 
Ku86.  In  contrast,  XR-V15B-Rev3  expressed  only  a  wild-type 
fragment  of  448  bp  (Fig.  7).  This  indicated  that  an  event  lead¬ 
ing  to  the  disappearance  of  the  deletion  occurred  in  XR-V15B- 
Rev3. 


DISCUSSION 

The  data  presented  in  this  paper  demonstrate  that  defects  in 
the  Ku86  gene  are  responsible  for  the  phenotypes  of  comple¬ 
mentation  group  5  hamster  mutants.  First,  transfection  of  XR- 
V15B  cells  with  a  cDNA  encoding  the  hamster  Ku86  gene  was 
capable  of  fully  restoring  DEB  activity,  Ku70  protein  levels. 
X-ray  resistance,  and  V(D)J  recombination.  Second,  XR- 
V15B  and  XR-V9B  cells  express  mRNAs  which  encode  Ku86 
proteins  containing  significant  in-frame  deletions.  This  is  the 
first  direct  evidence  that  mutant  cells  in  group  5  contain  mu¬ 
tations  in  the  Kii86  gene.  Thus,  the  XRCC5  gene  defective  in 
group  5  cells  is  identical  to  the  Kii86  gene. 

Rescue  of  group  5  mutant  cells  with  hamster  Ku86  cDNA. 
The  expression  of  Syrian  hamster  Ku86  cDNA  in  XR-V15B 
Chinese  hamster  mutant  cells  was  capable  of  restoring  DEB 
activity  to  levels  comparable  to  those  of  the  wild-type  V79  cell 
line.  The  Ku70  protein  levels  in  the  clone  expressing  the  high¬ 
est  level  of  DEB  activity  increased  to  wild-type  levels  (Fig.  1, 


lane  5).  The  restoration  of  Ku70  levels  in  mutant  cells  by 
hamster  Ku86  suggests  that  a  functional  Ku86  protein  is  nec¬ 
essary  for  stabilization  of  the  Ku70  polypeptide.  Conversely, 
there  is  evidence  that  functional  Ku70  protein  is  required  for 
stabilization  of  Ku86  (39).  Thus,  it  appears  that  if  Ku70  and 
Ku86  are  not  complexed  to  each  other,  they  are  degraded  in 
the  cell. 

Our  results  suggest  that  Ku  levels  are  limiting  in  the  pro¬ 
cesses  of  DNA  repair  and  V(D)J  recombination.  Although 
clones  expressing  wild-type  levels  of  DEB  activity  showed  com¬ 
plete  restoration  of  X-ray  resistance  and  V(D)J  recombination 
activity,  clones  expressing  less  than  wild-type  levels  of  DEB 
activity  showed  only  partial  rescue  of  X-ray  resistance  and 
V(D)J  recombination.  Between  16  and  40  DNA  DSBs  are 
induced  in  mammalian  cells  by  1  Gy  of  ionizing  radiation  (11). 
Therefore,  even  the  highest  dose  used  in  our  experiments,  6 
Gy,  induced  at  most  240  DSBs  per  cell.  Each  wild-type  human 
cell  contains  about  400,000  molecules  of  Ku  (30).  Therefore, 
we  were  surprised  to  find  that  transfected  cells  expressing  Ku 
at  levels  only  modestly  less  than  wild-type  levels  were  partially 
impaired  in  both  X-ray  resistance  and  V(D)J  recombination. 

There  are  several  possible  explanations.  Multiple  Ku  mole¬ 
cules  might  be  necessary  to  process  each  end  of  a  broken  DNA 
molecule.  Although  Ku  binds  initially  to  DNA  ends,  it  can 
translocate  inward  along  the  DNA  molecule  either  in  an  ATP- 
independent  manner  or  as  an  ATP-dependent  helicase  (9, 48). 
Whether  these  functions  are  required  for  the  repair  of  DNA 
DSBs  remains  unknown.  Alternatively,  Ku  might  be  localized 
to  subcellular  compartments  that  limit  its  access  to  DNA 
strand  breaks.  In  fact,  Ku  has  been  reported  to  change  nuclear 
localization  in  a  cell  cycle-dependent  way  (49).  Additionally, 
Ku  is  known  to  be  posttranslationally  modified  (5,  33);  it  is 
possible  that  only  one  form  of  Ku  is  able  to  function  in  DNA 
repair.  Thus,  in  cells  expressing  low  levels  of  Ku,  the  functional 
form  of  Ku  may  be  present  at  levels  too  low  to  completely 
restore  DNA  repair.  Finally,  it  is  possible  that  Syrian  hamster 
Ku86,  whose  amino  acid  sequence  is  4.5%  diverged  from  Chi¬ 
nese  hamster  Ku86,  rescues  Chinese  hamster  mutants  less  ef¬ 
ficiently  so  that  Ku  levels  only  appear  to  be  limiting.  To  rule 
out  this  possibility,  we  are  currently  transfecting  the  Chinese 
hamster  Ku86  clone  into  Chinese  hamster  mutant  cells. 

Defects  in  the  mRNA  from  mutant  cells  in  group  5.  The 
deletions  in  mRNAs  recovered  from  XR-V15B  and  XR-V9B 
cells  do  not  shift  the  open  reading  frame  but  instead  remove  46 
and  84  amino  acids  from  two  different  regions  within  the  en¬ 
coded  Ku86  protein.  The  deletion  of  either  region  leads  to  an 
apparent  failure  to  stabilize  Ku70  protein,  the  loss  of  DEB 
activity,  and  the  concomitant  impairment  of  X-ray  resistance 
and  V(D)J  recombination  in  the  cells.  Therefore,  the  deleted 
domains  appear  to  play  an  essential  role  in  the  function  of  the 
Ku86  protein. 

Chinese  hamster  cell  lines  have  been  the  source  of  a  broad 
spectrum  of  phenotypically  recessive  mutants  corresponding  to 
a  large  number  of  different  genetic  loci  (8,  41).  Normally, 
recessive  mutations  should  not  be  found  at  such  high  frequen¬ 
cies  in  diploid  cells.  Siminovitch  (41)  has  suggested  that  a 
substantial  part  of  the  genome  in  Chinese  hamster  cell  lines  is 
effectively  haploid  so  that  many  genes  are  represented  by  only 
one  functional  allele.  Functional  hemizygosity  can  arise  from 
the  silencing  of  genes  by  methylation,  and  group  5  hamster  cell 
mutants  might  have  two  alleles  of  the  XRCC5  gene,  with  one 
allele  inactivated  by  mutation  and  another  wild-type  allele 
silenced  by  methylation  (22).  RNAs  derived  from  revertants 
XR-V15B-Revl  and  XR-V15B-Rev2  harbor  both  wild-type 
and  deleted  Ku86  sequences.  Thus,  a  wild-type  Ku86  gene  was 
activated  in  the.se  revertants.  Consistent  with  this  observation, 
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we  have  previously  shown  that  aacytidine,  an  agent  which 
induces  demethylation  of  silenced  genes,  greatly  increases  the 
frequency  of  revertants  in  XR-V15B  (36,  37).  Therefore,  the 
mechanism  for  activating  the  Ku86  gene  in  these  revertants 
appears  to  be  via  demethylation  of  a  silenced  allele. 

The  third  revertant,  XR-V15B-Rev3,  contained  only  wild- 
type  Ku86  mRNA,  suggesting  that  demethylation  was  not  in¬ 
volved  in  reactivation  of  this  gene.  The  deleted  mRNA  region 
may  have  reappeared  in  this  revertant  by  several  mechanisms: 
(i)  homologous  recombination  between  the  active  mutant  al¬ 
lele  and  the  inactive  normal  allele;  (ii)  gene  conversion  of  the 
active  allele,  with  the  inactive  allele  as  a  template;  or  (iii) 
reversion  of  the  mutation  in  the  active  (defective)  allele.  The 
third  possibility  suggests  that  the  deletion  in  the  Ku86  mRNA 
is  the  result  of  defective  splicing  caused  by  a  revertible  muta¬ 
tion  at  a  donor  or  acceptor  splice  site  in  the  gene.  Significantly, 
the  XR-V15B  mutant  was  induced  by  ethylnitrosourea,  which 
almost  exclusively  induces  point  mutations  (40),  so  the  molec¬ 
ular  defect  in  XR-V15B  might  be  a  point  mutation  in  the 
genomic  DNA  which  leads  to  defective  splicing  of  the  Ku86 
mRNA.  In  support  of  this  possibility,  the  3'  end  of  each  dele¬ 
tion  contains  a  short  pyrimidine-rich  tract  followed  by  an  AG 
dinucleotide,  which  is  similar  to  the  consensus  mRNA  splice 
acceptor  sequence  and  thus  could  act  as  an  acceptor  for  de¬ 
fective  splicing  (Fig.  5).  However,  confirmation  of  such  muta¬ 
tions  will  require  the  sequencing  of  genomic  DNA. 

In  summary,  the  rescue  of  XR-V15B  cells  by  a  Ku86  cDNA 
and  the  identification  of  defects  in  the  cDNAs  encoding  Ku86 
in  XR-V15B  and  XR-V9B  cells  demonstrate  that  (i)  the  defect 
in  complementation  group  5  mutant  cells  must  be  in  the  Ku86 
gene,  (ii)  Ku86  is  essential  for  DSB  repair  and  V(D)J  recom¬ 
bination,  and  (iii)  Ku86  expression  is  required  for  the  accumu¬ 
lation  of  Ku70  protein. 
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ABSTRACT 

In  response  to  DNA  damage,  cells  transduce  a  signal  that  leads  to 
accumulation  and  activation  of  p53  protein,  transcriptional  induction  of 
several  genes,  including  p21,  gadd4S,  and  gaddl53,  and  cell  cycle  arrest. 
One  hypothesis  is  that  the  signal  is  mediated  by  DNA-dependent  protein 
kinase  (DNA-PK),  which  consists  of  a  catalytic  subunit  (DNA-PK,^  and  a 
regulatory  subunit  (Ku).  DNA-PK  has  several  characteristics  that  support 
this  hypothesis:  Ku  binds  to  DNA  damaged  by  nicks  or  double-strand 
breaks,  DNA-PK,,,  is  activated  when  Ku  binds  to  DNA,  DNA-PK  will 
phosphorylate  p53  and  other  cell  cycle  regulatory  proteins  in  vitro,  and 
DNA-PK^  shares  homology  with  ATM,  which  is  mutated  in  ataxia  telan¬ 
giectasia  and  involved  in  signaling  the  p53  response  to  ionizing  radiation. 
The  hypothesis  was  tested  by  analyzing  early  passage  fibroblasts  from  scid 
mice,  which  are  deficient  in  DNA-PK.  After  exposure  to  ionizing  radia¬ 
tion,  UV  radiation,  or  methyl  methanesulfonate,  severe  combined  immu- 
nodeflcient  and  wild-type  cells  were  indistinguishable  in  their  response. 
The  accumulation  of  p53,  induction  of  p21,  gadddS,  and  gaddl53,  and 
arrest  of  the  cell  cycle  in  G,  and  Gj  occurred  normally.  Therefore, 
DNA-PK  is  not  required  for  the  p53  response  or  cell  cycle  arrest  after 
DNA  damage. 

INTRODUCTION 

When  cells  are  exposed  to  DNA-damaging  agents,  they  initiate  a 
complex  response  that  includes  the  arrest  of  cell  cycle  progression 
until  the  damage  is  repaired  (1,  2).  Agents  that  induce  this  response 
include  IR,^  UV  radiation,  and  chemical  agents  such  as  MMS.  IR 
induces  DNA  nicks,  double-strand  breaks,  and  base  damage;  UV 
radiation  induces  cyclobutane  pyrimidine  dimers,  6-4  photoproducts, 
and  other  lesions,  including  DNA  nicks  acquired  during  excision 
repair  of  photoproducts;  and  MMS  alkylates  DNA,  leading  to  spon¬ 
taneous  and  enzymatic  depurinations  and  DNA  nicks  from  excision 
repair  of  abasic  sites. 

Several  components  of  the  pathways  that  arrest  the  cell  cycle  in 
response  to  DNA  damage  have  now  been  identified  in  mammalian 
cells.  One  component  of  the  Gj  checkpoint  is  p53,  a  53,000  protein 
that  is  capable  of  binding  to  specific  DNA  sequences  as  a  transcrip¬ 
tional  activator  and  is  normally  present  in  the  cell  at  very  low  levels. 
When  cells  are  exposed  to  DNA  damage,  p53  undergoes  posttransla- 
tional  modification  that  stabilizes  the  protein  and  contributes  to  its 
accumulation  (3-5).  Cells  lacking  p53  fail  to  undergo  G,  arrest 
following  exposure  to  DNA-damaging  agents  (6,  7).  The  p53  gene  is 
mutated  in  50%  of  all  human  cancers,  which  suggests  that  the  p53- 
dependent  checkpoint  pathway  is  critical  for  suppressing  carcino¬ 
genesis. 
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The  p2I  gene  (also  named  CipI,WafI,  Cap20,  or  Sdil)  includes  a 
p53  DNA-binding  site  in  its  promoter  region  and  is  transcriptionally 
activated  by  p53  (8).  Thus,  p2I  is  induced  by  DNA  damage  and  p21 
protein  interacts  directly  with  cyclin-dependent  kinases,  inhibiting 
their  activity  and  arresting  the  cell  cycle  (6,  9,  10). 

Several  genes  are  induced  by  growth  arrest  and  DNA  damage 
(gadd)' and  include  the  gadd45  and  gaddl53  genes  (11).  Like  p21,  the 
gadd45  promoter  contains  a  p53-binding  site,  and  gadd45  transcrip¬ 
tion  is  induced  by  IR  via  a  p53-dependent  pathway  (12).  The  gadd45 
gene  is  also  induced  by  UV  radiation  and  MMS  by  a  p53-independent 
pathway.  The  gaddl53  gene  is  induced  by  UV  radiation  and  MMS  by 
a  p53-independent  pathway  and  is  not  induced  by  IR  (13). 

Despite  progress  in  identifying  many  of  the  damage-response 
genes,  the  molecule  that  detects  DNA  damage  and  initiates  the  signal 
for  the  subsequent  cellular  response  remains  a  mystery.  One  candidate 
molecule  is  DNA-PK,  a  serine/threonine  protein  kinase  composed  of 
a  catalytic  subunit  (DNA-PK„)  and  a  regulatory  subunit  (Ku;  Ref. 
14).  The  catalytic  subunit  DNA-PK„  is  a  M,  465,000  polypeptide  that 
is  normally  inactive,  but  is  activated  by  the  binding  of  Ku  to  one  of  its 
DNA  substrates.  Ku  was  identified  as  an  autoantigen  in  several 
autoimmune  diseases;  it  is  a  heterodimer  of  M,  70,000  and  86,000 
(Ku70  and  Ku86)  that  binds  to  DNA  ends,  nicks,  gaps,  and  stem-loop 
structures  (15,  16).  These  Ku  substrates  are  noteworthy  since  DNA 
ends  are  induced  by  IR,  and  DNA  nicks  are  produced  as  an  interme¬ 
diate  during  excision  repair  of  UV-  and  MMS-induced  damage.  Such 
strand  breaks  appear  to  trigger  the  p53-dependent  damage  response 
(17). 

DNA-PK  can  phosphorylate  a  number  of  proteins  in  vitro,  includ¬ 
ing  Ku,  p53,  and  other  proteins  with  roles  in  replication  or  regulation 
of  the  cell  cycle:  RPA,  c-myc,  c-fos,  c-jun,  and  topoisomerases  I  and 
II  ( 1 8).  DNA-PK  appears  to  be  required  for  the  phosphorylation  of  Ku 
and  RPA  m  vivo  (19).  Furthermore,  the  phosphorylation  of  p53  by 
DNA-PK  might  be  physiologically  significant;  DNA-PK  phosphoryl- 
ates  p53  in  vitro  at  serines  15  and  37  in  the  amino  terminal  transac¬ 
tivation  domain  of  p53,  and  site-directed  mutagenesis  of  serine  15 
leads  to  stabilization  of  p53,  suggesting  that  phosphorylation  of  that 
site  might  affect  the  lifetime  of  p53  (20). 

The  kinase  domain  of  DNA-PK„  shares  homology  with  the  kinase 
domain  from  the  gene  (ATM)  that  is  mutated  in  ataxia  telangiectasia 
(21).  Mutations  in  the  ATM  gene  lead  to  IR  hypersensitivity,  reduced 
ability  to  arrest  DNA  synthesis  and  mitosis,  and  a  delayed  p53 
response  after  IR.  Thus,  the  ATM  gene  acts  upstream  of  p53  in  the  G, 
checkpoint  pathway  (4,  6,  22),  raising  the  possibility  that  DNA-PK 
might  also  act  in  a  checkpoint  pathway. 

DNA-PK  has  an  established  role  in  detecting  and  repairing  DNA 
double-strand  breaks.  Mutant  rodent  cells  in  three  X-ray-sensitive 
complementation  groups  (groups  4, 5,  and  7)  are  defective  in  repairing 
the  double-strand  breaks  induced  either  by  IR  or  by  V(D)J  recombi¬ 
nation  (23,  24).  Group  5  cells  lack  Ku  DNA  end-binding  activity  (25, 
26),  are  rescued  by  transfection  of  Ku86  cDNA  (27,  28),  and  have 
mutations  in  the  Ku86  gene  (29).  Group  7  cells  contain  Ku  DNA 
end-binding  activity,  but  contain  severely  decreased  levels  of  immu- 
noreactive  and  enzymatically  active  DNA-PK^.^  protein  (30-32).  Fur¬ 
thermore.  group  7  cells  are  rescued  by  centromeric  fragments  of 
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human  chromosomal  DNA  containing  the  DNA-PK„  gene  (30-32). 
Group  7  includes  cells  from  the  scid  mouse,  which  is  hypersensitive 
to  IR  and  lacks  mature  B  and  T  cells  due  to  a  deficiency  in  V(D)J 
recombination  (33). 

DNA-PK  has  several  hallmarks  that  would  be  expected  for  a 
molecule  that  couples  DNA  damage  to  arrest  of  the  cell  cycle.  First, 
DNA-PK  binds  to  DNA  damaged  by  nicks  or  double-strand  breaks 
and  already  has  an  established  role  in  recognizing  and  repairing  DNA 
damage  in  intact  cells.  Second,  its  kinase  activity  is  quiescent  under 
normal  conditions  but  is  activated  by  DNA  damage.  Third,  potential 
targets  for  DNA-PK  include  p53  and  other  proteins  that  play  roles  in 
regulating  the  cell  cycle.  Fourth,  the  homology  of  DNA-PK^,  to  ATM 
suggests  that  DNA-PK„  might  play  a  similar  role  in  regulating  the 
cell  cycle  after  DNA  damage. 

In  this  article,  we  test  the  hypothesis  that  DNA-PK  is  essential  for 
transducing  DNA  damage  into  the  subsequent  cellular  responses. 
Since  established  cell  lines  often  have  abnormal  regulation  of  their 
cell  cycles,  studies  were  performed  on  early  passage  fibroblasts  de¬ 
rived  from  newborn  scid  mice,  which  are  defective  in  DNA-PK.  scid 
and  wild-type  cells  were  exposed  to  DNA  damage  and  compared  for 
accumulation  of  pS3  protein,  induction  of  the  p2I,  gadd45,  and 
gaddI53  genes,  and  G,  and  G^  checkpoint  responses. 

MATERIALS  AND  METHODS 

Cell  Culture.  Early  passage  embryo  fibroblast  cultures  derived  ftom  pS3 
deficient  (-/-)  mice  were  genetousiy  provided  by  L.  Donehower  (34).  The 
p53-/-  cells  were  grown  in  DMEM  supplemented  with  10%  FCS.  Early 
passage  skin  fibroblast  cuitures  were  generated  from  newborn  scid  (33)  and 
BALB/c  mice  generously  provided  by  I.  Weissman.  scid  mice  were  originally 
derived  from  the  C.B-I7  mouse  lineage  which  differs  from  BALB/c  exclu¬ 
sively  at  the  immunoglobulin  heavy  chain  locus  IgH  (33).  Agouti  wifai  type 
mice  were  generously  provided  by  G.  Barsh.  Within  3-8  h  after  birth,  newborn 
mice  were  sacrificed  and  the  dorsal  and  ventral  skins  were  surgically  removed. 
Individual  skins  were  washed  repeatedly  with  PBS,  and  all  traces  of  blood  and 
connective  tissue  were  removed.  The  skins  were  then  placed  in  10  ml  of 
tiypsin-EDTA  (0.05%  trypsin  and  0J3  tuM  EDTA),  which  had  been  pre- 
warmed  to  37*’C  where  they  were  dispersed  by  extensive  cutting  and  vigorous 
pipetting.  The  culture  was  incubated  at  37°C  for  30  min,  5  ml  of  fresh  warm 
trypsin-EDTA  were  added,  and  the  culture  was  incubated  further  at  37^  for 
15  min.  The  suspension  was  transferred  to  a  50-ml  conical  tube,  and  the 
remaining  large  fragments  were  allowed  to  settle  to  the  bottom.  The  superna¬ 
tant  was  carefully  removed,  and  the  cells  were  pelleted  by  spinning  for  5  min 
at  1000  rpm.  The  cells  were  then  resuspended  in  DMEM  supplemented  with 
10%  FCS  and  plated  onto  10-cm  tissue  culture  dishes.  All  cultures  were 
maintained  at  TT’C  in  5%  COj.  Newborn  human  fibroblasts  (NHFl)  were 
prepared  and  maintained  as  described  previously  (6,  35). 

For  treatments  with  DNA-damaging  agents,  2  X  10*  ceils  were  plated  onto 
10-cm  tissue  culture  dishes  24  h  before  treatmenL  For  UV  treatment,  ceils  were 
rinsed  with  PBS  and  exposed,  uncovered,  to  UV  radiation  from  a  germicidal 
lamp  at  a  flux  of  I  J/m^/s.  Following  treatment,  fresh  medium  was  added  to  the 
plates  for  the  remaining  incubation.  For  MMS  treatment,  ceils  were  placed  in 
hesh  medium  containing  100  /ig/ml  MMS  and  incubated  at  3TC  for  the 
duration  of  the  experiment  For  IR  treatment,  cells  were  exposed  to  a  '”Cs 
source  with  a  flux  of  11.5  Gy/min.  To  test  IR -sensitivity  of  the  primary 
fibroblast  cultures,  3  X  10*  scid  or  BALB/c  cells  were  plated  in  duplicate  and 
treated  with  0,  2.5,  5,  or  10  Gy.  Rve  days  after  treatment  the  remaining  cells 
were  trypsinized  and  counted. 

Western  Blot  Analysis.  Cells  were  lysed  in  a  SDS-containing  buffer 
(0.125  M  Tris-Cl  (pH  6.8),  4%  SDS,  20%  glycerol,  0.008%  bromphenol  blue, 
and  50  mM  DTT]  at  a  concentration-of  10’  cells/ml,  immediately  boiled  for  10 
min,  and  loaded  directly  onto  the  gel  or  stored  at  — 80°C.  Samples  (2  X  10* 
cell  equivalems/lane)  were  resolved  by  a  7.5%  SDS-polyacrylamide  gel, 
transferred  to  nitrocellulose  GSWP  membrane  (Millipore,  Bedford,  MA).  and 
probed  with  monoclonal  pS.t  antibody  240  or  .M 19  (Santa  Cruz  Biotechnology. 
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mouse  IgG  or  swine  anti-goat  IgG,  respectively  (Bio-Rad.  Richmond,  CA). 
Antibody  binding  was  detected  using  enhanced  chemiluminescence  (Amer- 
sham  Corp.,  Arlington  Heights,  IL). 

Northern  Blot  Analysis.  Total  RNA  was  prepared  using  RNA  STAT-6p 
reagent  (Tel-Test  "‘B,  Friendswood,  TX)  according  to  the  manufacturer’s 
instructions.  Probes  used  for  Northern  blot  analysis  included  dpi  cDNA  (from 
S.  Elledge),  g(uld45  and  gaddISS  cDNA  (from  A.  Fornace),  and  human 
0-actin  cDNA  (from  P.  Berg).  They  were  labeled  with  [-’’PldCTP  by  random 
hexamer  labeling.  Total  RNA  (10  pg)  was  denatured  and  run  on  a  0.8% 
formaldehyde  agarose  gel.  The  RNA  was  transferred  to  a  Hybond  nylon  filter 
(Amersham  Corp.)  and  cross-linked  with  Stratalinker  (Stratagene,  La  Jolla, 
CA).  The  filter  was  hybridized  to  ”P-labeled  probes  at  65®C  for  24  h  in  IX 
Nylon  wash  (14%  SDS,  130  mM  Na2HP04,  14  mM  EDTA,  and  0.2%  Triton 
X-100).  The  filter  was  washed  sequentially  in  0.5X,  0.25X,  and  0.1  x  Nylon 
wash  for  30  min  each  at  65°C  The  filter  was  then  autoradiographed  on  XAR-5 
X-ray  film  at  -80“C.  To  reprobe  the  filter,  the  filter  was  stripped  by  washing 
in  0.03X  Nylon  wash  for  2  or  more  h  at  65°C  and  then  hybridized  to  the  new 
**P-labcled  probe. 

Cell  Cycle  Checkpoint  Response.  Rbroblast  cultures  were  assayed  for  G, 
arrest  by  incubating  asynchronously  proliferating  cells  with  10  iM  BrdUrd 
(Sigma  Chemical  Co.,  St  Louis,  MO)  for  2  h,  beginning  6-8  h  after  mock 
treatment  or  exposure  to  IR.  BrdUrd-Iabeled  nuclei  were  quantified  by  flow 
cytometry  after  incubation  with  FTTC-Iabeled  anti-BrdUrd  antibody  (Becton 
Dickinson,  Bedford,  MA)  as  described  previously  (35).  Gj  delay  was  assayed 
as  the  ftaction  of  cells  in  mitosis  at  various  times  after  exposure  of  asynchro¬ 
nously  proliferating  cells  to  IR  as  described  previously  (35. 36).  To  determine 
the  mitotic  fraction,  mitotic  figures  were  counted  in  50-200  consecutive 
high-power  fields.  Enough  fields  were  viewed  to  ensure  that  at  least  20  mitotic 
cells  were  counted  in  the  sham  control. 


Preliminary  Experiments  on  Immortalized  Cell  Lines.  Our  ini¬ 
tial  strategy  in  testing  the  possibility  that  DNA-PK  might  be  involved  in 
signaling  DNA  damage-mediated  cell  cycle  regulation  was  to  utilize 
immortalized  mouse  and  hamster  cell  lines  containing  defects  in  the 
individual  components  of  DNA-PK.  Western  blot  analysis  of  p53  protein 
levels  in  wild-type  and  mutant  immortalized  hamster  cells  revealed  high 
levels  of  constitutive  pS3  expression,  which  was  not  induced  significantly 
upon  treatment  with  IR  or  UV  (data  not  shown).  In  immortalized  wild- 
type  (C3-17)  and  scid  (SF-7)  mouse  cells,  tire  constitutive  expression 
level  of  pS3  was  also  abnormally  high  (data  not  shown).  In  ncmimmor- 
talized  primary  cells,  the  basal  expression  of  p53  is  extremely  low  due  to 
the  short  half-life  of  p53  protein  (3,  37).  Therefore,  we  chose  to  pursue 
these  studies  in  eaiiy  passage  fibroblasts. 

Phenotype  of  Early  Passage  Fibroblast  Cells.  Early  passage  fi¬ 
broblast  cultures  from  newborn  scid  and  wild-type  (agouti  and 
BALB/c)  mice  were  tested  for  two  relevant  phenotypes.  The  early 
passage  scid  cells  contained  normal  levels  of  Ku  DNA  end-binding 
activity  (data  not  shown)  as  was  found  for  immortalized  scid  cells 
using  ihethods  described  previously  (26).  In  addition,  tire  cells  were 
tested  for  sensitivity  to  IR.  The  scid  cells  were  approximately  10-fold 
more  sensitive  than  wild-type  cells  at  a  dose  of  10  Gy  (Fig.  1),  which  ( 
was  the  same  level  of  sensitivity  as  previously  measured  for  immor¬ 
talized  scid  cell  lines  (38,  39). 

DNA  Damage-induced  Accumidation  of  p53.  The  accumulation 
of  p53  in  response  to  UV  radiation  was  determined  by  measuring  p53 
protein  levels  over  time  after  exposing  cells  to  UV  relation  (Fig.  2). 
The  p53  accumulation  in  wild-type  cells  followed  a  prolonged  time 
course  from  4  h  to  at  least  12  h,  as  reported  previously  (22).  The  p53 
accumulation  in  scid  cells  was  not  significantly  different  from  that  m 
wild-type  cells  in  four  independent  experiments  with  two  different 
antibodies  (Ml 9  and  240). 

The  accumulation  of  p53  after  IR  was  determined  in  early  passage 
vcid  cells  iFie.  -1.  IR  ;it  doses  of  2-20  Gy  has  been  reported  to 
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Fig.  1.  scid  cells  are  hypersensitive  to  IR.  Early  passage  fibroblasts  from  wild-type 
BALB/c  and  scid  mice  were  treated  with  0,  25,  5,  and  10  Gy  IR.  After  5  days  of  growth 
in  culture,  the  surviving  cells  were  ttypsinized  and  counted.  Bars,  SD. 


induction  pattern:  they  induced  gadd45  very  strongly  with  MMS 
treatment  and  only  weakly  with  UV  (40  J/m^)  or  IR  treatment  (10  Gy; 
Fig.  4A).  We  observed  the  same  induction  for  a  range  of  UV  doses 
( 10-50  J/m^)  and  a  slightly  increased  induction  when  the  IR  dose  was 


Fig.  3.  scid  ceils  accumulate  p53  with  a  normal  time  course  after  IR  damage.  Early 
passage  fibroblasts  from  wild-type  BALB/c  and  scid  mice  were  treated  with  10  Gy  IR,  and 
cell  lysates  were  harvested  after  0,  I,  2,  or  4  h.  The  accumulation  of  p53  was  detected 
using  Western  blot  with  p53  antibody  240  and  quantitated  by  densitometry. 
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Fig.  2.  scid  cells  accumulate  normal  levels  of  p53  after  UV  damage.  Early  passage 
fibroblasts  from  p53  knockout  mice  (p53-/-),  wild-type  BALB/c  mice,  and  scid  mice 
were  treated  with  40  J/m^  UV  radiation.  Cell  lysates  were  harvested  after  0, 4. 8,  and  12  h, 
and  the  accumulation  of  p53  was  detected  by  Western  blot  using  p53  antibody  MI9  (see 
"Materials  and  Methods”).  Each  lane  was  loaded  with  lysate  from  2  x  lO^  cells.  The 
position  of  the  size  markers  is  indicated  to  the  left,  and  the  band  cotresponding  to  p53  is 
indicated  with  an  arrow.  Note  that  this  band,  but  not  other  background  bands,  is  absent  in 
p53-/-  cell  lysates.  The  slight  differences  between  scid  and  wild-type  cells  in  this 
panicular  blot  were  not  significant  when  the  differences  in  intensities  of  the  nearby 
nonspecific  cross-reacting  bands  at  M,  60,(KX)  and  90,000  were  taken  into  account.  The 
regional  variation  in  staining  may  have  been  caused  by  variation  in  protein  transfer, 
antibody  binding,  or  the  chemiluminescence  reaction. 


increase  p53  levels,  with  a  brief  peak  (approximately  2-5-fold)  1-2  h 
after  irradiation  (5,  7).  Therefore,  wild-type,  scid,  and  p53— /—  cells 
were  analyzed  with  Western  blot  for  p53  protein  expression  1, 2,  and 
4  h  after  treatment  with  10  Gy  IR.  Wild-type  and  scid  cell  lines 
showed  no  significant  difference  in  the  p53  induction  profile  over  a 
4-h  time  course  after  treatment  with  10  Gy  in  this  and  two  other 
independent  experiments. 

DNA  Damage-induced  Transcription  of  gadd45,  p21,  and 
gaddlSS.  Wild-type  and  scid  cells  were  treated  with  MMS,  UV,  or 
IR,  and  total  RNA  was  harvested  4  h  after  treatment  (Fig.  4).  Northern 
blot  analysis  of  total  RNA  was  used  to  monitor  the  expression  of 
several  genes  known  to  be  induced  by  DNA  damage:  gadd45,  p21, 
and  gaddI53.  The  blot  was  first  probed  for  /3-actin  to  confirm  equal 
loading  of  mRNA  (Fig.  4D).  The  membrane  was  then  stripped  and 
rehybridized  to  a  probe  for  gadd45,  which  is  induced  after  IR  by  a 
p53-dependent  pathway  and  after  UV  by  a  p53-independent  pathway 
1 4.  40).  Wild-t\  pe  and  scid  early  pa.ssage  fibroblast.s  showed  the  same 
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Fig.  4.  DNA-PK  activity  is  not  required  for  induction  of  p2I,  gadd45,  or  gaddlSS. 
Early  passage  fibroblasts  from  wild-type  BALB/c  and  scid  mice  were  treated  with 
DNA-damaging  agents,  and  total  RNA  was  harvested  4  h  later.  Noilhem  blots  were 
probed  for  expression  of  gadd45  (A),  p2I  (B),  gaddISS  (O.  and  P-actin  (D).  Cells  were 
treated  as  follows:  0,  no  treatment;  MMS,  100  ju.g/ml;  UV.  40  J/m-  UV  radiation:  and  IR. 
10  Gy  IR.  The  blot  was  first  probed  with  P-actin  as  a  control  for  equal  loading  of  mRNA. 
then  stripped,  and  probed  seqentially  for  gadd45.  p2I.  and  gaddl53.  Bands  corresponding 
to  each  of  these  genes  are  indicated  on  the  left,  and  the  residual  bands  from  previous 
probings  are  indicated  in  parciiilicscs. 
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Fig.  5.  G|  checkpoint  is  intact  in  scid  cells.  Asynchronously  dividing  early  passage  fibroblasts  were  mock  treated  (A-O  or  exposed  to  8  Gy  IR  (D-F).  Data  are  shown  for  wild-type 
BALB/c  (A  and  D);  scid  (fl  and  £);  and  NHFs  (C  and  F).  Cells  were  analyzed  by  flow  cytometry,  which  reveals  the  distribution  of  nuclei  in  Gq-G,,  S-phase.  and  Gj-M  for  diploid 
and  tetraploid  cells.  The  first  and  second  halves  of  the  S-phase  for  diploid  cells  are  mafleed  by  the  boxes  (first  half,  left  box:  second  half,  right  box).  The  G,  checkpoint  response  was 
quantitated  for  Table  I  by  measuring  selective  depletion  of  the  first  half  of  the  S-phase  compartment  (35).  Data  for  NHFs  were  obtained  by  staining  the  cells  using  the  same  methods 
used  for  the  mouse  cells,  but  appear  with  different  axes  because  a  different  flow  cytometer  was  used  for  that  particular  experiment. 


raised  to  20  Gy  (data  not  shown).  Again,  no  significant  difference  was 
observed  in  scid  and  wild-type  cells. 

The  p21  gene  is  induced  after  several  forms  of  DNA  damage  by  a 
p53-dependent  pathway  (6, 8, 41).  Although  the  expression  of  p21  can 
be  regulated  in  the  absence  of  p53  (43),  its  induction  after  exposure  to 
IR  appears  to  be  dependent  on  the  presence  of  wild-type  p53  (6,  42). 
Wild-type  and  scid  cells  induced  p21  strongly  in  response  to  MMS, 
UV,  and  IR  (Fig.  45).  Dose-response  experiments  demonstrated  in¬ 
creasing  p21  induction  with  increasing  doses  of  UV  (10-50  J/m^)  and 
the  same  induction  of  p21  for  a  range  of  IR  doses  (10-20  Gy)  (data 
not  shown).  Again,  no  significant  difference  in  p21  induction  was 
observed  in  scid  and  wild-type  cells. 

The  gaddI53  gene  is  induced  by  UV  and  MMS  but  not  by  IR  in 
Chinese  hamster  ovary  cells  (11).  Additional  studies  have  linked 
gaddI53  induction  to  a  p53-independent  UV  response  (44).  In  our 
experiments  with  primary  mouse  fibroblasts,  gaddI53  was  strongly 
Induced  with  MMS,  only  weakly  induced  in  response  to  IR,  and  (in 
contrast  to  Chinese  hamster  ovary  cells)  weakly  suppressed  by  UV 
treatment  (Fig.  4(7).  Again,  no  significant  difference  was  observed  in 
scid  and  wild-type  cells. 

G,  Checkpoint  Response.  Although  scid  cells  had  a  normal  dam¬ 
age  response  in  the  specific  factors  that  we  examined  (p53,  p21, 
gadd45,  and  gaddl53),  it  remained  possible  that  the  physiological  cell 
cycle  response  might  nevertheless  be  abnormal.  Therefore,  the  G, 
checkpoint  response  was  quantified  in  early  passage  cultures  of  new¬ 
born  mouse  skin  fibroblasts  using  flow  cytometry  (35).  Cells  were 
irradiated  with  8  Gy  IR  to  trigger  G,  arrest  and  then  incubated  with 
BrdUrd  6-8  h  after  irradiation  for  quantification  of  the  S-phase  cells. 
As  demonstrated  with  the  wild-type  BALB/c  fibroblasts  (Fig.  5A  and 
D).  the  G,  checkpoint  arrests  progression  of  G,  ceils  into  the  S-phase. 


Cells  that  were  in  the  S-phase  at  the  time  of  irradiation  continue 
progression  albeit  at  a  reduced  rate.  As  a  result  of  the  inhibition  of 
entry  into  the  S-phase,  the  S-phase  compartment  is  depleted  after 
irradiation.  By  6-8  h  after  irradiation  of  the  wild-type  BALB/c 
fibroblasts,  the  fraction  of  BrdUrd-labeled  cells  in  the  first  half  of  the 
S-phase  (2-3N  DNA  content)  was  reduced  by  67%  for  BALB/c  and 
by  57%  for  agouti  wild-type  cells  (Fig.  5  and  Table  1).  Irradiation  of 
the  scid  fibroblasts  reduced  the  fraction  of  diploid  cells  in  the  first  half 
of  the  S-phase  by  72%  (Fig.  5, 5  and  E),  a  value  similar  to  that  seen 
for  the  wild-type  fibroblasts  and  consistent  with  an  intact  G,  check¬ 
point. 

Notably,  NHFs  were  more  sensitive  than  the  three  mouse  skin 
fibroblast  strains  to  radiation-induced  G,  arrest.  In  parallel  experi¬ 
ments  with  human  fibroblasts  from  three  different  neonates,  8  Gy 
produced  96%  G,  arrest  (Fig.  5,  C  and  F,  and  Table  1)  and  1.5  Gy 
produced  75-93%  Gi  arrest.  With  the  mouse  fibroblasts,  G,  arrest 
could  not  be  detected  after  1.5  Gy,  necessitating  use  of  the  higher 
8-Gy  dose. 

Table  I  C,  checkpoint  response  after  IR  in  scid  and  wild-type  cells 

The  cells  were  analyzed  for  Gj  arrest  6-8  h  after  exposure  to  8  Gy  IR.  The  relative 
numbers  of  diploid  cells  in  the  first  (2-3N)  and  second  (3-4  N)  halves  of  the  S-phase  and 
depletion  of  the  cells  in  the  first  half  of  the  S-phase  (G ,  arrest)  are  shown.  The  data  for 
2-3  n  and  3-4  n  are  given  as  a  percentage  of  mock-treated  control  cells.  Cells  analyzed 
were  wild-type  BALB/c  and  agouti  mouse  cells,  scid  mouse  cells,  and  NHFs.  The 
numbers  of  independent  experiments  are  shown  in  parentheses. 
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Gj  Checkpoint  Response.  Mammalian  cells  also  have  a  Gj  check¬ 
point  that  is  activated  after  DNA  damage.  The  G2  checkpoint  was 
assessed  by  measuring  inhibition  of  mitosis  after  IR.  Low  doses  of  IR 
cause  G2  cells  to  delay  entry  into  mitosis  without  affecting  completion 
of  mitosis  (35, 36).  Consequently,  the  fraction  of  cells  in  mitosis  drops 
following  IR  (Fig.  6).  After  a  transient  delay,  the  cells  restored 
progression  from  G2  into  M  and  mitosis  recovered.  The  recovery  in 
scid  cells  was  delayed  compared  to  BALB/c  cells.  This,  however,  is 
consistent  with  the  scid  repair  defect,  which  leads  to  persistent  DNA 
double-strand  breaks.  For  both  BALB/c  and  scid  cells,  inhibition  of 
mitosis  was  maximal  2  h  after  treatment  with  2  Gy  IR.  Therefore,  the 
G2  checkpoint  was  quantified  2  h  after  irradiation  for  additional  cell 
lines:  agouti  wild-type  mouse  cells  and  NHFs  as  well  as  BALB/c  and 
scid  cells.  The  scid  and  wild-type  mouse  cells  displayed  the  same 
degree  of  inhibition  of  mitosis  (Table  2):  78-86%  after  2  Gy  and 
99-100%  after  4  Gy.  As  with  the  G,  checkpoint,  the  G2  checkpoint 
response  of  mouse  fibroblasts  appeared  to  be  attenuated  in  compari¬ 
son  to  human  skin  fibroblasts,  in  which  mitosis  was  inhibited  by 
99.7%  2  h  after  treatment  with  1.5  Gy  IR. 

DISCUSSION 

DNA-PK  has  a  number  of  properties  that  have  made  it  a  candidate 
for  transducing  DNA  damage  into  a  signal  for  p53  accumulation  and 
cell  cycle  arrest.  Its  Ku  subunit  binds  to  DNA  double-strand  breaks, 
which  are  induced  by  IR,  and  to  DNA  nicks,  which  appear  as  inter¬ 
mediates  during  the  nucleotide  excision  repair  of  bulky  adducts.  It  is 
already  known  to  be  involved  in  the  repair  of  DNA  double-strand 
breaks  and  therefore  has  a  role  in  the  cellular  response  DNA  damage. 
The  kinase  activity  is  activated  by  Ku  binding  to  the  damaged  DNA, 


Fig.  6.  G2  checkpoint  is  intact  in  scid  cells.  BALB/c  wild-type  and  scid  cells  were 
analyzed  for  G2  delay  after  exposure  to  2  Gy  IR.  The  mitotic  fraction  was  assessed  at 
different  times  following  IR.  Tlie  mitotic  fraction  observed  in  the  treated  cells  was  then 
divided  by  the  mitotic  fraction  observed  in  the  mock-treated  control  cells  and  multiplied 
by  100  to  yield  a  mitotic  fraction  expressed  as  a  percentage  of  the  control  (35). 


Table  2  Cj  checkpoint  response  after  IR  in  scid  and  wild-type  cells 


The  cells  were  analyzed  for  G2  arrest  after  exposure  to  2  and  4  Gy  IR.  The  fraction  of 
cells  in  mitosis  as  a  percentage  of  mock-treated  control  cells  2  h  after  exposure  is  shown. 
The  numbers  of  independent  experiments  are  shown  in  parentheses. 


Cells 

2  Gy  (%) 

4  Gy  (%) 

BALB/C 

22  («  =  21 

0  («=  1) 

Agouti 

I4(«  =  n 

0  (n  =  1) 

scid 

!4{/i  =  5) 

1  (n  =  4) 

and  it  acts  on  p53  as  well  as  other  proteins  involved  in  regulating  the 
cell  cycle.  Phosphorylation  of  p53  induces  a  conformation  change  that 
activates  its  transcriptional  activity  (45).  The  kinase  domain  of 
DNA-PK  is  also  homologous  to  the  ATM  gene,  which  is  known  to 
signal  p53-mediated  cell  cycle  arrest  (4,  6).  Therefore,  it  was  impor¬ 
tant  to  test  carefully  the  possible  role  of  DNA-PK  in  cellular  responses 
to  DNA  damage. 

scid  cells  were  used  to  test  the  role  of  DNA-PK,  since  these  cells 
express  no  detectable  kinase  activity  from  DNA-PK  (30),  contain 
reduced  levels  of  the  catalytic  subunit  DNA-PK„  protein  (31),  and  are 
rescued  by  yeast  artificial  chromosomes  carrying  the  DNA-PK gene 
(30,  31).  The  available  immortalized  scid  and  wild-type  mouse  cell 
lines  expressed  constitutively  high  levels  of  p53,  suggesting  that  such 
cell  lines  might  have  abnormal  p53  and  cell  cycle  responses  to  DNA 
damage.  Therefore,  our  experiments  were  performed  with  early  pas¬ 
sage  skin  fibroblasts  derived  from  newborn  mice. 

Accumulation  of  p53  protein  was  normal  in  scid  and  wild-type  cells 
after  treatment  with  IR  or  UV.  No  differences  were  seen  even  when 
p53  was  measured  at  different  times  after  different  doses  of  the 
DNA-damaging  agents.  Similarly,  the  induction  of  the  p2I,  gadd45, 
and  gaddlSS  genes  occurred  normally  in  scid  and  wild-type  cells  after 
treatment  with  IR,  UV,  or  MMS.  Finally,  scid  and  wild-type  cells 
underwent  normal  G,  arrest  and  G2  delay  in  response  to  IR. 

These  observations  demonstrated  that  the  p53-dependent  path¬ 
way  for  signaling  DNA  damage  is  intact  in  scid  cells  and  does  not 
require  the  kinase  activity  of  DNA-PK.  First,  there  was  normal 
accumulation  of  p53  in  scid  cells.  Second,  there  was  normal 
induction  of  two  genes,  p21  and  gadd45,  which  are  transcription¬ 
ally  activated  by  p53.  It  was  important  to  measure  p2]  and  gadd45 
induction,  because  transcriptional  activation  by  p53  depends  on 
both  the  accumulation  and  posttranslational  conformational 
changes  in  p53  (46).  The  possibility  that  DNA-PK  might  affect  the 
function  of  p53  without  affecting  its  accumulation  was  ruled  out  by 
the  normal  induction  of  p21  and  gadd45. 

The  observations  also  demonstrated  that  several  p53-independent 
damage  signaling  pathways  do  not  require  DNA-PK.  The  gadd45  and 
gaddI53  genes  are  induced  by  UV  and  MMS  independently  of  p53, 
and  the  p21  gene  could  potentially  be  induced  by  p53-independent 
pathways.  Similarly,  G2  delay  following  DNA  damage  does  not 
require  p53  (36,  42).  Again,  no  abnormalities  were  seen  in  scid  cells 
for  each  of  these  p53-independent  responses. 

There  are  several  possible  interpretations  of  our  results.  The  inter¬ 
pretation  that  we  favor  is  that  DNA-PK  does  not  act  on  p53  in  vivo 
and  is  not  involved  in  activating  the  G,  and  G2  checkpoints  after  DNA 
damage.  A  second  possible  interpretation  is  that  the  scid  mutation 
does  not  lead  to  complete  loss  of  function  of  the  DNA-PK^s  gene. 
There  is  evidence  that  the  DNA-PK„  polypeptide  is  present  in  scid 
cells  albeit  at  reduced  levels,  although  the  enzymatic  activity  is 
undetectable.  Thus,  the  residual  levels  of  DNA-PK  might  somehow 
induce  the  accumulation  and  activation  of  p53  despite  the  absence  of 
kinase  activity  in  the  scid  cells.  Elucidation  of  the  scid  mutation  will 
help  address  this  possibility,  which  we  consider  unlikely. 

A  third  possible  interpretation  is  that  DNA-PK  is  involved  in  cell 
cycle  regulation,  but  the  loss  of  DNA-PK  activity  is  concealed  by  the 
existence  of  overlapping  pathways  that  activate  p53  and  induce  cell 
cycle  arrest  independently  of  DNA-PK.  For  example,  p53  is  activated 
for  sequence  specific  binding  by  short  single  strands  of  DNA  by  a 
mechanism  that  does  not  require  any  other  proteins  (47).  Furthermore, 
p53  will  bind  directly  to  insertion-deletion  mismatches,  suggesting 
that  it  may  be  capable  of  acting  directly  as  a  sensor  for  DNA  damage 
(48).  The  p53  response  may  also  be  regulated  by  the  gene  that  is 
mutated  in  ataxia  telangiectasia  (ATM).  Ataxia  telangiectasia  cells  are 
abnormally  sensitive  to  IR  and  show  delayed  accumulation  of  p53  and 
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impaired  G ,  arrest  (4,  6,  22).  Thus,  the  ATM  gene  acts  upstream  of 
p53  in  the  damage  response  pathway.  The  ATW  gene  shares  homology 
with  the  putative  kinase  domain  in  DNA-PK^^  (21, 49),  suggesting  that 
the  ATM  protein  might  be  functionally  similar  to  DNA-PK  in  being 
capable  of  phosphorylating  p53  directly. 

Given  the  possibility  that  redundant  pathways  may  exist  for 
transducing  DNA  damage  into  the  p53-dependent  response  and  cell 
cycle  arrest,  the  data  do  not  completely  rule  out  a  role  for  DNA- 
PK.  However,  the  experiments  do  rule  out  an  essential  role  for 
DNA-PK  in  both  G,  and  Gj  checkpoint  responses  and  strongly 
suggest  that  if  there  is  a  role,  it  must  be  a  minor  one.  We  were 
unable  to  find  any  evidence  for  an  abnormal  damage  response  in 
scid  cells,  apart  from  the  known  defect  in  double-strand  break 
repair.  The  scid  cells  responded  normally  after  several  different 
forms  of  DNA  damage.  Both  the  magnitude  and  the  time  course  of 
the  response  was  indistinguishable  from  the  response  in  wild-type 
cells  when  we  measured  accumulation  of  p53,  induction  of  p21, 
gadd45,  and  gaddlSS,  and  arrest  of  the  cell  cycle  in  Gj.  Although 
Gj  delay  was  prolonged  in  scid  cells,  this  result  was  consistent 
with  the  prolonged  presence  of  DNA  double-strand  breaks  in  the 
repair-deficient  scid  cells  and  clearly  showed  that  the  Gj  check¬ 
point  was  intact. 

Given  the  normal  response  of  scid  cells  when  analyzed  with  respect 
to  so  many  parameters,  we  believe  that  the  best  interpretation  of  the 
data  is  that  DNA-PK  is  not  involved  in  the  p53-dependent  response 
nor  in  the  arrest  of  the  cell  cycle  after  cells  are  exposed  to  DNA- 
damaging  agents. 
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1  Introduction 

All  cells  have  biochemical  pathways  for  repairing  DNA  double-strand  breaks 
induced  by  ionizing  radiation  (X-rays)  and  oxidative  metabolism.  Lymphoid  cells 
also  have  a  V(D)J  recombination  pathway  for  rearranging  B  cell  immunoglobulin 
or  T  cell  receptor  genes  (Lewis  1994a).  V(D)J  recombination  involves  the  cleav¬ 
age  of  chromosomal  DNA  and  subsequent  resolution  of  the  double-strand 
breaks.  In  the  past  few  years,  it  has  become  clear  that  the  two  pathways 
share  a  number  of  common  factors. 

One  of  the  factors  involved  in  both  V(D)J  recombination  and  double-strand 
break  repair  (DSBR)  was  recently  identified  as  the  Ku  autoantigen  (Getts  and 
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Stamato  1994;  Rathmell  and  Chu  1994a,b;  Smider  et  al.  1994;  Taccioli  et  al. 
1994).  Ku  was  originally  identified  as  the  target  antigen  in  a  patient  with  the 
scleroderma-polymyositis  overlap  syndrome  (Mimori  et  al.  1981).  Because  of 
its  association  with  autoimmune  disease,  Ku  has  been  extensively  characterized 
over  the  last  15  years  (Reeves  1992). 

This  paper  will  examine  the  biochemical  role  of  the  Ku  autoantigen  in 
V(D)J  recombination  and  DSBR.  To  accomplish  this,  we  will  review  what  is 
known  about  the  genetics  of  these  pathways,  the  biochemistry  of  the  Ku 
autoantigen,  and  the  DNA  intermediates  in  V(D)J  recombination.  We  will  con¬ 
sider  a  paradox  raised  by  experiments  studying  the  resolution  of  DNA  hairpins 
in  cells  from  the  severe  combined  immunodeficient  (scid)  mouse.  To  resolve 
the  paradox,  we  will  propose  a  model  for  the  role  of  Ku  in  V(D)J  recombination 
and  DSBR. 


2  Genetics  of  V(D)J  Recombination  and  DSBR 

2.1  Recombination  Signal  Sequences  and  the  RAG1 
and  RAG2  Genes 

The  germline  loci  of  the  immunoglobulin  and  T  cell  receptor  genes  contain 
multiple  V  J,  and  in  some  cases  D,  coding  elements.  During  the  development 
of  B  and  T  cells,  these  elements  undergo  V(D)J  recombination,  which  involves 
the  rearrangement  of  V  D,  and  J  elements  to  form  functional  genes  (Lewis 
1994a).  The  multiplicity  of  elements  generates  diversity  in  the  expressed  pro¬ 
teins.  Rearrangements  are  targeted  to  recombination  signal  sequences  (RSS), 
which  consist  of  conserved  heptamer  and  nonamer  sequences  separated  by 
a  spacer  of  12  or  23  base  pairs.  Coding  elements  are  fused  at  coding  joints 
to  form  rearranged  genes  capable  of  encoding  functional  proteins.  The  coding 
joints  are  formed  with  deletions  or  insertions  that  generate  additional  diversity. 
Signal  elements  are  fused  at  signal  joints,  which  are  formed  precisely  with 
exact  conservation  of  the  RSS. 

V(D)J  recombination  is  initiated  by  the  combined  action  of  the  recombi¬ 
nation  activating  genes,  RAG1  and  RAG2,  which  are  expressed  specifically  in 
lymphoid  cells.  Cotransfection  of  RAG1  and  RAG2  confers  V(D)J  recombination 
activity  to  nonlymphoid  cells  (Oettinger  et  al.  1990;  Schatz  et  al.  1989).  Thus, 
once  V(D)J  recombination  is  initiated  by  RAG1  and  RAG2,  general  factors 
present  in  all  cells  will  complete  the  recombination  reaction.  These  general 
factors  also  have  a  second  function  in  DSBR,  as  discussed  below. 
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2.2  The  Scid  Mouse  Is  Defective 

in  Both  V(D)J  Recombination  and  DSBR 

The  scid  mouse  lacks  mature  T  and  B  cells  and  is  highly  susceptible  to  the 
development  of  T  cell  lymphomas  (Bosma  and  Carroll  1991).  The  failure  to 
develop  a  competent  immune  system  was  explained  by  the  discovery  that 
scid  cells  cannot  form  coding  joints  during  V(D)J  recombination  (Lieber  et  al, 
1988).  By  contrast,  scid  cells  can  form  signal  joints  at  a  normal  rate,  although 
only  50%  of  the  joints  are  precise. 

In  addition  to  a  lymphoid-specific  defect,  scid  cells  were  found  to  have 
a  general  defect  in  DSBR  affecting  all  tissues  and  causing  hypersensitivity  to 
ionizing  radiation  due  to  a  deficiency  in  repairing  DNA  double-strand  breaks 
(Biedermann  et  al.  1991;  Fulop  and  Phillips  1990;  Hendrickson  et  al.  1991).  This 
was  the  first  evidence  that  V(D)J  recombination  and  DSBR  utilize  common 
factors  present  in  all  tissues. 


2.3  Multiple  Cell  Lines  Defective 

for  Both  V(D)J  Recombination  and  DSBR 

Ionizing  radiation  produces  several  different  DNA  lesions,  including  base  dam¬ 
age,  single-strand  breaks,  and  double-strand  breaks.  To  search  for  the  genetic 
basis  of  resistance  to  ionizing  radiation,  a  number  of  easily  cultured  hamster 
cell  lines  have  been  developed  by  mutagenesis  and  screening  for  hypersen¬ 
sitivity  to  ionizing  radiation  (Jeggo  1990).  Cell  fusion  experiments  show  that 
these  cell  lines  fall  into  at  least  ten  genetic  complementation  groups.  The 
corresponding  genes  are  designated  XRCC1,  XRCC2,  etc.,  for  X-ray  cross-com¬ 
plementing,  since  early  efforts  were  aimed  at  cloning  the  genes  by  cross¬ 
complementation  of  the  X-ray-sensitive  hamster  cells  with  human  DNA. 

The  discovery  that  scid  cells  are  sensitive  to  X-rays  raised  the  possibility 
that  other  X-ray  sensitive  cells  might  also  be  defective  in  V(D)J  recombination. 
Therefore,  cell  lines  were  screened  by  cotransfection  of  RAG1,  RAG2,  and  an 
extrachromosomal  V{D)J  recombination  substrate.  Cell  lines  from  each  of  three 
complementation  groups  with  defects  in  DSBR  also  proved  to  be  defective 
in  V(D)J  recombination  (Lee  et  al.  1995;  Pergola  et  al.  1993;  Taccioli  et  al. 
1 993).  Complementation  group  7  (which  includes  scid)  was  defective  for  coding 
joint  but  not  signal  joint  formation.  Complementation  groups  4  and  5  were 
defective  for  both  coding  and  signal  joint  formation.  The  residual  recombination 
events  recovered  from  mutant  cells  were  characterized  by  abnormally  large 
nucleotide  deletions  in  the  coding  joints  in  group  7  or  both  coding  and  signal 
joints  in  groups  4,  and  5.  Thus,  at  least  three  gene  products  are  involved  in 
a  pathway  common  to  both  V(D)J  recombination  and  DSBR.  The  genetics  of 
V(D)J  recombination  are  summarized  in  Fig.  1. 

A  possible  explanation  for  the  large  deletions  during  the  joining  reaction 
was  that  the  cells  might  be  defective  in  a  protein  that  bound  and  protected 
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Fig.  1.  Genetics  of  V|D)J  recombination.  The  RAG1  and  RAG2  genes  induce  cleavage  adjacent  to 
RSS.  In  wild-type  cells,  recombination  then  produces  precise  signal  joints  and  modified  coding 
joints.  In  cells  from  X-ray  sensitivity  complementation  group  7,  which  corresponds  to  the  scid 
defect,  coding  joints  are  severely  impaired  while  signal  joints  are  only  mildly  impaired.  The  impair¬ 
ment  in  coding  joints  is  accompanied  by  the  persistence  of  hairpin  ends.  In  cells  from  groups  4, 
and  5,  both  coding  and  signal  joints  are  severely  impaired 


the  DNA  ends  from  nuclease  degradation.  This  possibility  was  confirmed  by 
discovery  of  the  normal  role  of  the  Ku  autoantigen  in  cells. 


3  The  Ku  Autoantigen 

Ku  is  the  target  antigen  in  patients  with  several  autoimmune  diseases,  including 
scleroderma-polymyositis  overlap  syndrome,  sytemic  lupus  erythematosus, 
Grave's  disease,  and  Sjogren's  syndrome  (Reeves  1992).  Ku  is  a  highly  stable 
heterodimer  of  70  kDa  and  86  kDa  polypeptides  (Ku70  and  Ku80)  (Mimori  et 
al.  1986).  The  cDNAs  for  both  subunits  have  been  cloned  (Mimori  et  al.  1990; 
Reeves  and  Sthoeger  1989;  Yaneva  et  al.  1989).  Ku  is  localized  to  the  nucleus 
and  moderately  abundant,  with  about  200  000  to  400  000  molecules  present 
in  each  cell. 

Ku  has  an  interesting  specificity  for  its  DNA  substrates.  It  does  not  bind 
to  single-stranded  DNA  ends,  but  binds  tightly  to  double-stranded  ends,  having 
equal  affinity  for  5'  overhanging,  3'  overhanging,  and  blunt  ends  (Mimori  and 
Hardin  1986).  Ku  also  binds  to  DNA  nicks  (Blier  et  al.  1992)  and  to  DNA  ending 
in  stem  loop  structures  (Falzon  et  al.  1993).  This  spectrum  of  DNA  binding 
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Fig.  2,  Model  for  Ku  DEB  activity,  Ku  binds  to  a  number  of  DNA  substrates,  including  DNA  with 
blunt  ends,  5'  or  3'  overhanging  ends,  or  stem  loop  structures.  Ku  may  recognize  all  of  these 
structures  by  binding  to  the  forked  DNA  structure  formed  at  the  transition  of  double-stranded  DNA 
to  two  single  strands 


activity  can  be  explained  by  a  model  in  which  Ku  recognizes  transitions  between 
double-stranded  DNA  and  two  single  strands,  as  depicted  in  Fig.  2.  Once  Ku 
binds  to  DNA  ends,  it  is  capable  of  translocating  along  the  DNA,  so  that  three 
or  more  molecules  of  Ku  can  become  bound  to  a  single  DNA  fragment  (Paillard 
and  Strauss  1991). 

Ku  is  conserved  both  functionally  and  structurally  across  a  broad  range 
of  eukaryotes.  The  fruit  fly  Drosophila  melanogaster  (Beall  et  al.  1994;  Jacoby 
and  Wensink  1994)  and  yeast  Saccharomyces  cerevisiae  (Feldmann  and  Winnacker 
1993)  contain  DNA  end-binding  (DEB)  activities  arising  from  heterodimeric  pro¬ 
teins  of  similar  molecular  weights  as  mammalian  Ku.  In  both  cases,  the  gene 
for  the  smaller  (70  kDa)  subunit  was  cloned  and  found  to  be  homologous  to 
mammalian  Ku70.  The  genome  project  for  the  nematode  Caenorhabditis  e/e- 
gans  has  revealed  an  open  reading  frame  encoding  a  polypeptide  homologous 
to  mammalian  Ku80, 

Ku  is  the  regulatory  subunit  of  an  unusual  enzyme,  DNA-dependent  protein 
kinase  (DNA-PK),  which  also  includes  an  enormous  460  kDa  catalytic  subunit 
(DNA-PKcs).  DNA-PK  is  normally  inactive  in  free  solution,  but  when  it  assembles 
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on  a  DNA  substrate  recognized  by  Ku,  DNA-PK  is  activated  for  its  kinase 
activity  (Gottlieb  and  Jackson  1993).  Although  the  in  vivo  substrates  of  DNA-PK 
remain  to  be  defined,  potential  substrates  have  been  identified  in  vitro,  in¬ 
cluding  Ku70  and  Ku80,  tumor  suppressor  protein  p53,  the  C-terminal  domain 
of  RNA  polymerase  II,  replication  protein  A  (RPA),  topoisomerases  I  and  II, 
serum  response  factor  (SRF),  SV40  T  antigen,  Xenopus  histone  protein  2A.X, 
and  the  transcription  factors  c-myc,  c-fos,  c-jun,  Spl,  TFIID  and  Oct-1  (Anderson 
1993).  DNA-PK  will  phosphorylate  Spl  when  it  is  bound  to  the  same  DNA 
molecule,  even  when  separated  by  several  kilobases,  but  will  not  act  on  Spl 
bound  to  a  different  DNA  molecule  (Gottlieb  and  Jackson  1993). 

Ku  undergoes  post-translational  modification.  When  Ku  is  autophospho- 
rylated  by  DNA-PK,  it  acquires  an  ATPase  activity  (Cao  et  al,  1994),  making  Ku 
an  ATP  dependent  helicase  (Tuteja  et  al.  1994).  When  Ku  binds  to  one  of  its 
substrates,  it  recruits  DNA-PKcs  and  then  is  autophosphorylated  to  become 
an  active  helicase.  Ku  may  also  be  processed  by  proteolytic  cleavage  of  the 
Ku80  subunit  (Paillard  and  Strauss  1993). 


4  Identification  of  Genes  Involved 

in  both  V(D)J  Recombination  and  DSBR 

4.1  DEB  Activity  in  Mutant  and  Wild-Type  Cells 

DEB  activity  can  be  detected  in  cells  by  an  electrophoretic  mobility  shift  assay 
(EMSA)  (Rathmell  and  Chu  1994a).  Extracts  of  the  cells  are  incubated  with  a 
labeled  linear  fragment  of  DNA  in  the  presence  of  unlabeled  circular  plasmid 
DNA  to  mask  the  effect  of  nonspecific  DNA  binding  proteins.  The  reaction 
mixture  is  resolved  by  nondenaturing  polyacrylamide  gel  electrophoresis,  and 
DEB  activity  is  detected  as  an  upward  shift  in  electrophoretic  mobility  of  the 
DNA  probe. 

DEB  activity  was  found  to  be  present  in  cells  from  yeast  and  from  a 
number  of  tissues  from  humans  and  rodents  (Table  1 )  (Rathmell  and  Chu  1994a). 
It  was  expressed  normally  in  cell  lines  from  groups  1,  4,  and  7  (including  scid 
cells),  in  an  ataxia  telangiectasia  cell  line,  two  bleomycin-sensitive  cell  lines, 
and  a  mutant  X-ray  sensitive  lymphoblast  cell  line.  DEB  activity  was  notably 
absent  in  three  cell  lines  from  X-ray  complementation  group  5,  XR-V1 5B,  XR-V9B, 
and  xrs5.  Azacytidine  will  induce  xrs5  cells  to  revert  to  X-ray  resistance  at  a 
frequency  of  about  1%.  Significantly,  23  independent  clones  selected  for  X-ray 
resistance  all  showed  restored  DEB  activity,  further  supporting  a  role  for  DEB 
activity  in  X-ray  resistance. 
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Table  1.  DEB  activity  in  wild-type  and  mutant  cell  lines 


Cell  type 

Cell  lines 

Resistance 
to  IR 

Complement 

group 

DEB 

activity 

Yeast 

S.  cerevisiae 

hdfl/pHDFI 

+ 

+ 

S.  cerevisiae 

hdfl 

+ 

- 

Human 

Fibroblast  (wild-type) 

1  MR-90 

+ 

+ 

Ataxia  telangiectasia  fibroblast 

AT5BI 

- 

+ 

Mouse 

Skin  fibroblast  (wild-type) 

C.B-17 

+ 

+ 

Skin  fibroblast 

scid 

- 

7 

+ 

Chinese  hamster 

Lung  fibroblast  (wild-type) 

V79,  V79B 

+ 

+ 

Lung  fibroblast 

XR-V15B,  XR-V9B 

- 

5 

_ 

Ovary  (wild-type) 

AA8 

+ 

Ovary 

EM9 

- 

1 

+ 

Ovary 

XR-1 

- 

4 

+ 

Ovary 

V3 

- 

7 

+ 

Ovary 

xrs5,  xrs6.  sxi2,  sxi3 

- 

5 

- 

Ovary 

xrs5(rev)® 

+ 

+ 

DEB  activity  was  measured  in  yeast,  human,  and  rodent  cells  by  the  gel  mobility  shift  assay.  DEB 
activity  is  specifically  absent  in  complementation  group  5.  DEB  activity  is  present  in  several  other 
sensitive  cell  lines,  including  ataxia  telangiectasia  cells  and  cells  from  complementation  groups  1, 
4,  and  7  (including  scid).  The  table  compiles  data  from  (Boubnov  et  al.  1995:  Lee  et  al.  1995)  for 
sxi  cells,  from  (Geits  and  Stamato  1994)  for  xrs6  cells,  and  from  (Rathmell  and  Chu  1994a)  for  the 
remaining  cell  lines.  The  HDF1  gene  encodes  a  70  kDa  subunit  of  a  DEB  activity  in  yeast  that  is 
homologous  to  mammalian  Ku70  (Feldmann  and  Winnacker  1993).  The  deletion  mutant  hdfl  is 
resistant  to  ionizing  radiation  (S.  Cheng  and  G.  Chu,  unpublished  results),  suggesting  that  the 
dominant  mechanisms  for  X-ray  resistance  differ  in  yeast  and  mammals. 

°  xrs5(rev)  represents  pooled  xrs5  cells  selected  for  X-ray  resistance  after  azacytidine  treatment. 


4.2  DEB  Activity  Is  Due  to  Ku  Autoantigen 

DEB  activity  and  Ku  share  many  similarities,  including  nuclear  localization, 
abundance  in  the  cell,  and  magnesium-dependent  DNA  binding  (Rathmell  and 
Chu  1994b).  Most  striking  is  the  absolute  concordance  of  DNA  substrates. 
DEB  activity  and  Ku  bind  to  M13  circular  virion  DNA  (presumably  via  binding 
to  hairpin  loops  in  M13),  double-stranded  DNA  ends  with  5',  3',  or  blunt  ends, 
but  not  to  the  single-stranded  DNA  ends  in  poly(dA)  and  poly(dT).  Three  or 
more  Ku  molecules  can  load  and  bind  to  a  single  DNA  fragment,  producing 
a  ladder  of  mobility  shifts  similar  to  that  seen  with  DEB  activity. 

DEB  activity  and  Ku  are  antigenically  similar  (Getts  and  Stamato  1994;  Rath¬ 
mell  and  Chu  1994b).  When  added  to  binding  reactions  with  hamster  and 
human  extracts,  Ku  antisera  from  two  different  autoimmune  patients  produce 
a  supershift  in  mobility  of  the  DEB  protein-DNA  complex.  When  used  to 
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probe  immunoblots,  these  antisera  detect  a  70  kDa  polypeptide  in  hamster 
extracts  that  cofractionates  with  DEB  activity  on  heparin  agarose.  The  70  kDa 
polypeptide  was  absent  or  only  barely  detectable  in  three  hamster  cell  lines 
from  group  5,  but  present  in  group  4,  group  7,  and  wild-type  cell  lines  (Rathmell 
and  Chu  1994b).  Thus  Ku70  polypeptide  is  deficient  in  group  5  cells. 

Despite  this  observation,  Ku70  does  not  define  the  genetic  defect  in  group 
5.  Chromosome  mapping  studies  assigned  the  Ku70  gene  to  human  chromo¬ 
some  22q13  and  the  Ku80  gene  to  chromosome  2q33-35  (Cai  et  al.  1994; 
Boubnov  et  al.  1995).  X-ray  resistance  in  group  5  cells  was  partially  restored 
by  human  chromosome  region  2q35  (Chen  et  al.  1994;  Hafezparast  et  al.  1993). 
This  raised  the  possibility  that  the  primary  defect  in  group  5  resides  in  the 
gene  for  Ku80. 

Direct  evidence  that  the  XRCC5  gene  was  identical  to  the  Ku80  gene  was 
provided  by  DNA  transfection  experiments.  Thus,  transfection  of  group  5  cells 
with  human  Ku80  but  not  Ku70  led  to  partial  restoration  of  DEB  activity,  X-ray 
resistance,  and  V(D)J  recombination  (Smider  et  al.  1994;  Taccioli  et  al.  1994). 
Full  restoration  was  obtained  by  the  isolation  and  transfection  of  the  hamster 
Ku80  cDNA.  In  addition,  Ku70  protein  levels  were  restored,  suggesting  that 
the  Ku70  polypeptide  is  stabilized  by  the  presence  of  normal  Ku80  polypeptide 
(Errami  et  al.  1995).  Finally,  Ku80  cDNA  from  XR-V15B  and  XR-V9B  cells  con¬ 
tained  in-frame  deletions  of  46  and  84  amino  acids,  proving  that  mutations 
in  the  Ku80  gene  are  responsible  for  the  phenotype  of  group  5  cells  (Errami 
et  al.  1995). 

The  finding  that  the  Ku80  gene  is  identical  to  the  XRCC5  gene  immediately 
raised  the  possibility  that  DNA-PKcs  might  be  encoded  by  another  XRCC  gene 
involved  in  DSBR.  Yeast  artificial  chromosomes  carrying  the  DNA-PKcs  gene 
will  rescue  group  7  cells,  making  DNA-PKcs  a  candidate  for  XRCC7  (Blunt  et 
al.  1995;  Kirschgessner  et  al.  1995).  Recently,  a  novel  cDNA  has  been  isolated 
as  a  candidate  for  XRCC4  by  complementation  of  XR-1  cells  (see  Li  et  al. 
1995;  Z.  Li  and  F  Alt,  this  volume).  No  Ku70  mutant  has  yet  been  confirmed. 

These  experiments  demonstrate  that  V(D)J  recombination  and  DSBR  in¬ 
clude  an  overlapping  pathway.  Furthermore,  at  least  four  different  genes  act 
in  the  overlapping  pathway  (Table  2).  Together  with  recent  progress  in  ident¬ 
ifying  the  enzymatic  activities  of  RAG1  and  RAG2,  it  is  now  possible  to  construct 
a  model  for  the  biochemistry  of  V(D)J  recombination.  Before  introducing  the 
model,  it  will  be  necessary  to  examine  the  DNA  intermediates  in  V(D)J  re¬ 
combination. 
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Table  2.  Genes  involved  in  V(D)J  recombination 


Gene 

Mutant  cell  lines 

IR 

V(D)J  activity 

Coding  joints 

Signal  joints 

Specific  for  VfDjJ 

RAG1 

KO  mouse 

R 

No  cleavage 

No  cleavage 

RAG2 

KO  mouse 

R 

No  cleavage 

No  cleavage 

TdT 

KO  mouse 

R 

No  N-addition 

Normal 

General  for  DSBR 

XR-1  (XRCC4) 

XR-1 

S 

Deficient 

Deficient 

Ku80  (XRCC5) 

xrs5,  xrs6,  sxi2,  sxi3, 
XR-V15B,  XR-V9B 

S 

Deficient 

Deficient 

Ku70  (XRCC6) 

sxil  ? 

S  ? 

Deficient  ? 

Deficient  ? 

DNA-PKcs  (XRCC7) 

scid  mouse,  V-3 

S 

Deficient 

Normal  rate, 
partial  fidelity 

The  genes  involved  in  V(D)J  recombination  fall  into  two  classes:  those  specific  for  V(D)J  recom¬ 
bination  and  those  general  for  DSBR.  Some  of  the  mutant  cell  lines  were  generated  from  mice 
with  the  scid  mutation  or  with  targeted  knockout  (KO)  of  the  RAG1,  RAG2,  and  TdT  genes.  The 
remaining  cell  lines  were  generated  from  mutagenesis  of  Chinese  hamster  cells.  Cell  lines  mutant 
for  genes  specific  for  V(D)J  recombination  are  resistant  (R)  to  ionizing  radiation  (IR),  whereas  the 
cell  lines  mutant  for  genes  general  for  DSBR  are  sensitive  to  ionizing  radiation  and  fall  into  X-ray 
complementation  groups  4,  5,  or  7.  Group  6  has  been  reserved  for  Ku70  (XRCC6),  but  no  cell  line 
has  been  found  yet  for  this  group. 


5  DNA  Intermediates  in  V(D)J  Recombination 

5.1  Formation  of  Broken  DNA  Ends 

The  association  between  DSBR  and  V(D)J  recombination  suggests  that  V(D)J 
joining  involves  DNA  intermediates  in  which  both  strands  have  been  broken. 
Such  broken  molecules  have  been  observed  directly.  Thymocytes  from  new¬ 
born  mice  actively  rearrange  the  T  cell  receptor  locus  and  contain  broken 
DNA  with  blunt  signal  ends  (Roth  et  al.  1992).  On  the  other  hand,  coding 
ends  are  not  detectable,  even  though  a  primary  double-strand  break  should 
liberate  one  coding  end  for  each  signal  end. 

In  fact,  coding  and  signal  joints  are  formed  differently.  Signal  joints  are 
formed  without  the  addition  or  loss  of  nucleotides.  Coding  joints  often  contain 
either  deletions  or  short  insertions  of  extra  nucleotides  not  present  in  the 
germline  DNA.  In  some  cases,  the  insertions  have  short  palindromic  sequences 
derived  from  one  of  the  coding  ends  (Lafaille  et  al.  1989;  McCormack  et  al. 
1989).  These  P  (palindromic)  insertions  are  potentially  explained  by  a  model 
in  which  coding  ends  are  created  by  the  formation  of  a  hairpin  intermediate 
(Lieber  1991).  If  the  hairpin  is  nicked  at  a  position  away  from  the  tip,  a  palin¬ 
dromic  sequence  appears  in  the  completed  coding  joint.  The  first  direct  evi¬ 
dence  for  hairpin  ends  was  found  in  scid  thymocytes  (Roth  et  al.  1992).  Hairpin 
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ends  were  not  found  in  wild-type  thymocytes,  suggesting  that  coding  joints 
are  formed  much  more  rapidly  than  signal  joints.  Thus,  the  scid  defect  appears 
to  disrupt  hairpin  processing,  allowing  hairpin  ends  to  accumulate  to  detectable 
levels  in  scid  but  not  wild-type  thymocytes. 

Hairpin  ends  are  created  as  part  of  the  V(D)J  cleavage  reaction  (see  Fig.  3). 
In  an  experimental  tour  deforce,  purified  recombinant  RAG1  and  RAG2  proteins 
were  recently  shown  to  directly  catalyze  a  double-strand  break  in  DMA  mole¬ 
cules  containing  a  recombination  signal  sequence  (van  Gent  et  al.  1995).  The 
reaction  is  absolutely  dependent  on  the  RSS  and  both  RAG1  and  RAG2.  Cleav¬ 
age  occurs  in  a  two-step  reaction  in  which  RAG1  and  RAG2  first  nick  the 
DNA  5'  to  the  RSS;  after  a  time  delay,  RAG1  and  RAG2  catalyze  a  nucleophilic 
attack  by  the  3'  OH  of  the  opposite  strand  (McBlane  et  al.  1995).  This  second 
step  generates  a  blunt  signal  end  and  a  hairpin  coding  end. 

The  coding  ends  are  subjected  to  further  modification  by  nucleases  (N 
deletion)  or  by  the  nontemplated  addition  of  nucleotides  (N  insertion).  Most 
N  addition  occurs  by  3'  addition  catalyzed  by  terminal  deoxynucleotidyl  trans¬ 
ferase  (TdT),  which  is  expressed  only  in  lymphoid  cells.  A  low  rate  of  N  insertion 
occurs  in  all  cells,  perhaps  by  the  capture  of  free  nucleotides  or  oligonucle¬ 
otides  (Roth  et  al.  1989). 


5.2  Joining  Reactions 

The  rejoining  reaction  in  V(D)J  recombination  does  not  require  extensive  ho¬ 
mology  in  the  recombining  DNA.  V(D)J  recombination  will  still  occur  in  ex- 
trachromosomal  substrates  with  homopolymeric  coding  sequences  that  do 
not  permit  homologous  pairing  (Boubnov  et  al.  1993). 

On  the  other  hand,  V(D)J  recombination  preferentially  utilizes  short  stret¬ 
ches  of  homology  if  they  are  present.  When  nonlymphoid  cells  are  cotrans¬ 
fected  with  RAG1,  RAG2,  and  an  extrachromosomal  substrate,  the  majority 
of  coding  joints  are  formed  at  positions  containing  short  homologies  of  1-5 
bp.  In  extrachromosomal  substrates  constructed  with  4  bp  of  homology  at 
the  two  coding  ends,  there  was  a  strong  bias  towards  the  coding  joint  formed 
by  homology  alignment  of  the  4  bp  repeats  (Gerstein  and  Lieber  1993). 

In  lymphoid  cells,  homology  pairing  may  be  obscured  by  TdT  activity, 
since  N  insertion  can  include  homologous  nucleotides  that  would  disappear 
once  the  joint  is  made.  In  lymphoid  ceils  from  TdT  knockout  mice,  N  insertion 
is  virtually  eliminated  (Gilfillan  et  al.  1993;  Komori  et  al.  1993).  In  the  absence 
of  TdT,  homology  alignment  occurs  in  75%  of  the  coding  joints.  Thus,  the 
use  of  homology  is  preferred,  but  not  essential  for  the  formation  of  coding 
joints.  Homology  affects  the  distribution  of  coding  joints  but  not  the  overall 
efficiency  of  the  reaction. 

General  DSBR  has  been  studied  by  transfecting  linearized  SV40  DNA  into 
nonlymphoid  cells  (Roth  et  al.  1985;  Roth  and  Wilson  1986).  These  plasmids 
did  not  contain  RSS  and  were  linearized  by  cutting  the  SV40  genome  in  a 
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Fig.  3.  DNA  intermediates  during  V(D)J  recombination.  RAG1  and  RAG2  recognize  RSS  {shaded 
triangles)  and  nick  the  adjacent  DNA,  leaving  a  3'  hydroxyl  group.  RAGl  and  RAG2  then  catalyze 
a  nucleophilic  attack  by  the  3'  OH  of  the  opposite  strand  to  complete  the  cleavage  reaction,  leaving 
a  blunt  signal  end  and  a  hairpin  coding  end.  A  hairpin  endonuclease  then  opens  the  hairpin  sym¬ 
metrically  to  leave  a  blunt  end,  or  asymmetrically  to  leave  an  overhanging  end  that  potentially 
leads  to  a  palindromic  sequence  at  the  coding  joint  (P  insertion).  Nucleotides  may  be  added  (N 
insertion)  by  terminal  deoxynucleotidyl  transferase  (TdT)  or  deleted  (N  deletion)  by  the  activity  of 
exonucleases.  The  ends  are  joined  by  homology-dependent  or  homology-independent  mechanisms. 
Homology-dependent  joining  may  involve  pairing  in  regions  of  microhomology,  removal  of  unpaired 
end  fragments  by  a  flap  endonuclease,  repair  of  gaps  by  DNA  polymerase,  and  ligation  of  the 
nicks.  Homology-independent  joining  involves  either  single-strand  ligation  and  gap  repair  or  blunt 
ligation 
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/^RAG1/RAG2  \ 
completes  cleavage 


Signal  joint  formation 


Coding  Joint  formation 


i  hairpin  endonuclease, 
TdT 


general  pathway  for  double-strand  break  repair 

Fig.  4.  Model  for  Ku  in  V(D)J  recombination.  After  RAG1  and  RAG2  nick  the  DNA  at  the  RSS 
{shaded  triangles).  Ku  {shaded  dimer)  binds  to  the  nicked  DNA.  Therefore,  when  cleavage  is  com¬ 
pleted,  Ku  is  immediately  loaded  onto  the  newly  created  signal  and  coding  ends.  The  signal  joint 
is  dependent  on  Ku  but  not  DNA-PKcs.  the  460  kDa  catalytic  subunit  of  DNA-PK.  The  coding  joint 
is  formed  by  processing  of  the  hairpin  ends.  DNA-PK  is  assembled  by  recruitment  of  DNA-PKcs  to 
the  hairpin  end.  DNA-PKcs  has  an  alignment  function  to  bring  the  DNA  ends  in  proximity  to  each 
other,  DNA-PK  autophosphorylates  Ku  {encircled  Ps).  conferring  ATP  dependent  helicase  activity  to 
Ku.  The  helicase  activity  unwinds  the  hairpin,  allowing  hairpin  endonuclease  to  nick  the  hairpin. 
Nucleotides  may  be  added  by  TdT  or  deleted  by  exonucleases.  The  free  ends  are  then  joined  by 
the  general  pathway  for  DSBR 
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nonessential  intron,  leaving  mismatched  ends.  As  for  the  case  of  V(D)J  re¬ 
combination,  joining  occurred  by  both  homology-dependent  and  homology- 
independent  mechanisms.  Homology-independent  joining  appears  to  utilize 
single-strand  ligation  preferentially  over  blunt  ligation  (Roth  and  Wilson  1986). 
This  general  pathway  for  DSBR  is  shown  at  the  bottom  of  Fig.  3. 

In  summary,  the  joining  reactions  in  V(D)J  recombination  and  general  DSBR 
share  a  common  pathway.  Both  reactions  are  mediated  by  the  same  proteins, 
namely,  Ku,  DNA-PKcs,  and  the  XR-1  gene  product.  Both  reactions  involve 
similar  DMA  intermediates  with  joining  reactions  both  dependent  and  inde¬ 
pendent  of  microhomology.  Pairing  by  microhomology  suggests  a  mechanism 
for  unwinding  the  DMA  ends,  perhaps  catalyzed  by  Ku  helicase  activity. 


6  A  Paradox  of  Hairpin  Processing  in  Scid  Cells 


The  persistence  of  hairpin  ends  in  scid  thymocytes  suggests  that  the  scid 
mutation  leads  to  defective  processing  of  hairpin  intermediates  during  V(D)J 
recombination.  However,  when  cells  were  transfected  with  linearized  plasmid 
DMA  carrying  hairpin  ends,  the  rejoining  reaction  occurred  with  the  same 
efficiency  in  scid  and  wild-type  pre-B  cells  (Lewis  1994b).  The  joint  sequences 
showed  patterns  of  deletion,  P  insertion,  N  insertion,  and  microhomology 
usage  that  were  similar  in  the  scid  and  wild-type  cells  and  similar  to  the 
coding  joints  generated  by  bona  fide  V(D)J  recombination.  Thus  we  are  faced 
with  an  apparent  experimental  paradox:  scid  cells  cannot  join  hairpin  ends 
created  during  V(D)J  recombination,  but  can  process  and  join  hairpins  intro¬ 
duced  into  the  cells  by  transfection. 


7  Solution  to  the  Scid  Paradox: 
A  Model  for  the  Role  of  Ku 


7.1  Model  for  Ku  in  V(D)J  Recombination  and  DSBR 

To  explain  the  DMA  intermediates  in  terms  of  the  biochemical  properties  of 
the  Ku  protein,  we  propose  a  model  for  the  role  of  Ku  in  V(D)J  recombination 
(see  Fig.  4).  In  this  model,  the  reaction  proceeds  in  the  following  steps. 

1.  Concerted  action  of  RAG1  and  RAG2  introduces  a  nick  5'  to  the  signal 
sequence,  allowing  Ku  to  bind  to  the  nicked  DNA  intermediate.  RAG1  and 
RAG2  then  complete  the  cleavage  reaction  to  form  a  hairpin  coding  end 
and  a  blunt  signal  end. 
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2.  Upon  creation  of  the  hairpin  end,  Ku  binds  immediately  because  it  has 
been  preloaded  onto  the  nicked  DNA  intermediate. 

3.  Activated  DNA-PK  is  formed  by  the  recruitment  of  DNA-PKcs  to  form  a 
complex  with  Ku  bound  to  the  DNA.  DNA-PKcs  rnay  serve  an  alignment 
function,  so  that  two  molecules  of  DNA-PKcs  interact  with  each  other  to 
bring  the  appropriate  coding  ends  in  proximity  to  each  other. 

4.  DNA-PK  autophosphorylates  its  Ku  subunit,  conferring  to  Ku  an  ATP-de- 
pendent  helicase  activity.  (Steps  3  and  4  may  precede  step  2,  since  they 
can  occur  once  Ku  is  loaded  onto  the  nicked  DNA  intermediate.) 

5.  Ku  then  unwinds  the  hairpin  while  moving  inward  from  the  end,  exposing 
the  hairpin  and  allowing  the  hairpin  endonuclease  to  nick  and  open  the 
hairpin. 

6.  Ku  helicase  unwinds  the  free  DNA  ends  to  allow  the  denatured  single 
strands  to  align  and  pair  in  regions  of  microhomology. 

7.  In  cases  where  pairing  involves  internal  sequences,  a  DNA  flap  would  be 
created  from  DNA  distal  to  the  region  of  homology.  In  fact,  a  flap  endo¬ 
nuclease  (FEN-1)  has  been  characterized  and  purified  (Harrington  and  Lieber 
1994,  1995).  FEN-1  specifically  recognizes  5'  flap  structures  and  cuts  pre¬ 
cisely  at  the  base  of  the  flap  to  leave  a  ligatable  nick. 

8.  Alternatively,  the  DNA  ends  are  aligned  end  to  end  and  joined  by  either 
single-strand  ligation  followed  by  gap  filling  or  blunt  ligation.  Thus,  the 
joints  can  be  made  with  or  without  microhomology.  (In  steps  6,  7,  and  8, 
the  opened  hairpin  is  rejoined  in  a  reaction  identical  to  that  used  for  general 
DSBR,  as  shown  in  Fig.  5.) 

9.  The  two  signal  ends  are  brought  together  to  form  a  signal  joint  in  a  reaction 
that  requires  Ku  and  the  XR-1  gene  product  but  not  DNA-PKcs.  The  rate  of 
signal  joint  formation  is  likely  to  be  much  slower  than  for  coding  joints, 
since  signal  ends  but  not  coding  ends  are  readily  detectable  in  wild-type 
thymocytes.  Delayed  formation  of  signal  joints  may  be  a  mechanism  for 
suppressing  the  unproductive  fusion  of  a  coding  end  to  a  signal  end.  Such 
hybrid  joints  are  less  likely  if  coding  joints  are  already  formed  before  signal 
joining  begins. 


7.2  Resolving  the  Scid  Paradox 

The  scid  paradox  is  resolved  by  the  proposed  model  for  Ku.  In  the  model, 
the  hairpin  endonuclease  gains  access  to  transfected  hairpins  but  not  to  V(D)J 
hairpins.  In  the  case  of  transfected  DNA,  the  hairpin  endonuclease  would  nick 
the  hairpin  before  Ku  has  a  chance  to  bind,  explaining  the  proper  processing 
of  transfected  hairpins  in  scid  cells.  In  the  case  of  V(D)J  recombination,  the 
two  step  cleavage  reaction  by  RAG1  and  RAG2  first  creates  a  nick  adjacent 
to  the  signal  sequence,  allowing  Ku  to  be  loaded  onto  the  DNA.  When  the 
hairpin  is  created,  Ku  is  already  present,  thus  denying  access  to  the  hairpin 
endonuclease.  In  scid  cells  deficient  for  DNA-PKcs,  Ku  would  fail  to  acquire 
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Fig.  5.  Model  for  Ku  in  DSBR.  Free  DNA  ends  are  created  by  X-rays  or  as  intermediates  in  V(D)J 
recombination.  DNA-PKcs  has  an  alignment  function  and  autophosphorylates  Ku  to  give  Ku  helicase 
activity.  Ku  helicase  unwinds  the  DNA  ends,  which  can  then  be  joined  by  homology  dependent 
or  homology  independent  mechanisms  (see  Fig.  3).  The  overall  joining  reaction  is  non-conservative 
and  may  involve  the  loss  of  nucleotides 
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helicase  activity  and  continue  to  protect  the  hairpin  end,  explaining  the  per¬ 
sistence  of  hairpin  ends  in  scid  thymocytes.  It  is  noteworthy  that  the  rare 
coding  ends  recovered  from  scid  cells  show  abnormally  large  P  insertions, 
suggesting  that  the  hairpin  endonuclease  was  denied  access  to  the  tip  of  the 
hairpin  but  could  gain  access  to  DNA  beyond  the  site  of  Ku  binding. 

Although  transfected  hairpin  DNA  is  resolved  with  normal  efficiency  in 
scid  cells,  our  model  for  Ku  predicts  that  fine  structure  in  the  processing  of 
the  hairpins  must  be  different  in  scid  cells.  Once  the  hairpin  is  opened  into 
a  free  DNA  end  by  the  hairpin  endonuclease,  Ku  would  bind  to  the  DNA  end. 
However,  since  DNA-PKcs  is  defective  in  scid  cells,  Ku  would  not  become 
phosphorylated  and  would  not  acquire  helicase  activity.  As  a  result,  alignment 
by  microhomology  should  be  reduced  compared  to  wild-type  cells.  In  fact, 
data  from  transfection  of  hairpin  molecules  into  pre-B  cells  (Lewis  1994b>  sug¬ 
gest  that  this  might  be  true.  Ku  helicase  activity  should  affect  only  joints  in 
which  nucleotides  are  lost.  When  the  data  are  re-examined  for  joints  in  which 
three  or  more  nucleotides  are  lost  from  one  or  both  hairpin  ends,  there  appears 
to  be  a  difference  between  scid  and  wild-type  cells.  In  scid  cells,  only  one 
of  nine  joints  showed  significant  loss  of  nucleotides  and  concomitant  evidence 
for  alignment  by  microhomology,  which  consisted  of  only  2  bp  and  therefore 
could  have  been  due  to  fortuitous  exonuclease  degradation  of  a  DNA  end 
rather  than  helicase  mediated  unwinding.  By  contrast,  in  wild-type  cells,  six 
of  nine  joints  showed  significant  loss  of  nucleotides  and  evidence  for  alignment 
by  microhomology,  utilizing  homologies  of  1,  2,  2,  3,  4,  and  4  bp.  Of  course, 
the  number  of  joints  analyzed  in  this  experiment  was  small  and  conclusive 
evidence  must  await  analysis  of  a  larger  set  of  joints.  Nevertheless,  the  joints 
formed  in  scid  cells  appeared  biased  against  nucleotide  loss  and  microhomo¬ 
logy  utilization,  consistent  with  an  inactive  helicase  unable  to  unwind  the  free 
coding  ends. 


8  Unresolved  Questions  for  the  Role  of  Ku 
in  V(D)J  Recombination 


Although  the  proposed  model  explains  the  scid  paradox,  a  number  of  features 
must  be  tested.  The  DNA-PKcs  polypeptide  is  required  for  V(D)J  recombination 
and  DNA-PK  autophosphorylates  Ku  in  vitro,  but  it  is  not  yet  known  whether: 
(1)  the  kinase  activity  of  DNA-PK  affects  V(D)J  recombination:  (2)  autophos¬ 
phorylation  of  Ku  occurs  in  the  intact  cell;  or  (3)  Ku  helicase  activity  is  required 
for  hairpin  processing  and  subsequent  coding  joint  formation. 

If  Ku  helicase  activity  is  required  for  V(D)J  recombination,  such  unwinding 
activity  might  need  to  be  suppressed  for  signal  joint  formation,  which  must 
occur  precisely  without  loss  or  addition  of  nucleotides.  Several  possible  mech¬ 
anisms  can  be  envisioned:  (1)  Ku  could  bind  more  tightly  to  a  DNA  end  adjacent 
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to  a  RSS;  (2)  Ku  bound  to  the  signal  end  might  not  be  accessible  to  phos¬ 
phorylation  because  of  binding  by  the  RAG1-RAG2  complex  to  the  RSS  at  the 
signal  end:  (3)  Ku  helicase  activity  is  rather  weak  in  a  standard  helicase  assay 
(Tuteja  et  al.  1994),  and  may  not  be  robust  enough  to  unwind  a  blunt  signal 
end. 

There  seems  to  be  an  extravagant  excess  of  Ku,  with  about  400  000  mole¬ 
cules  per  cell.  In  lymphoid  cells  actively  undergoing  V(D)J  recombination,  only 
a  few  double-strand  breaks  are  created.  Because  multiple  molecules  of  Ku 
can  load  onto  either  nicked  or  broken  DNA  (Paillard  and  Strauss  1991),  this 
raises  the  question  of  whether  a  large  number  of  Ku  molecules  participate  in 
each  recombination  reaction.  One  possible  model  is  that  Ku  cooperates  with 
DNA-PKcs  in  alignment  of  free  DNA  ends.  For  example,  Ku  molecules  could 
coat  the  DNA  between  two  recombination  sites.  Two  DNA-PKcs  molecules 
could  be  paired  with  each  other  while  being  passed  from  one  Ku  molecule 
to  the  next  until  they  form  a  more  stable  complex  with  Ku  bound  to  the  DNA 
ends,  thus  bringing  the  ends  into  alignment.  This  idea  is  consistent  with  the 
finding  that  DNA-PKcs  is  much  less  abundant  than  Ku  in  the  cell. 

DNA-PKcs  could  perform  other  functions  not  yet  identified  with  specific 
proteins.  These  functions  include  those  for  a  hairpin  endonuclease  or  for  an 
alignment  protein  to  facilitate  microhomology  pairing.  Microhomology  pairing 
involves  only  1-5  bp  and  might  require  an  alignment  protein  for  stable  duplex 
formation  between  the  two  ends.  Either  of  these  functions  would  make  DNA- 
PKcs  important  for  coding  but  not  signal  joints. 

The  possible  role  of  the  XR-1  gene  product  remains  undefined.  Since  XR-1 
is  required  for  both  coding  and  signal  joints,  it  may  have  an  alignment  function 
either  independently  or  in  cooperation  with  DNA-PKcs.  Alternatively,  it  may 
encode  a  single-strand  ligase,  which  potentially  acts  at  both  coding  and  signal 
joints. 


9  Conclusions 

We  have  described  the  experimental  evidence  that  Ku  is  involved  in  DSBR 
and  V{D)J  recombination.  This  discovery  has  stimulated  interest  in  how  Ku 
might  be  acting  in  these  recombination  and  repair  pathways.  We  have  therefore 
reviewed  the  biochemical  properties  of  Ku  and  the  molecular  properties  of 
the  DNA  intermediates  in  V(D)J  recombination.  Paradoxically,  scid  cells  process 
hairpin  ends  introduced  by  DNA  transfection  but  fail  to  process  hairpins  created 
during  V(D)J  recombination.  To  resolve  the  scid  paradox,  we  have  proposed 
a  model  for  the  role  of  Ku  in  V(D)J  recombination  and  DSBR.  The  hypothesis 
can  be  tested  experimentally,  and  the  results  of  such  experiments  promise 
to  improve  our  understanding  of  these  critical  pathways. 
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